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Adsorption of Organic Chemicals in Soils
by R. Calvet*

This paper presents a review on adsorption of organic chemicals on soils sediments and their constituents.
The first part of this review deals with adsorption from gas and liquid phases and gives a discussion on
the physical meaning of the shape of adsorption isotherms. Results show that no general rules can be
proposed to describe univocally the relation between the shape of isotherms and the nature of adsorbate-
adsorbent system. Kinetics of adsorption is discussed through the description of various models.

Theoretical developments exist both for the thermodynamics and the kinetics of adsorption, but there
is a strong need for experimental results. Possible adsorption mechanisms are ion exchange, interaction
with metallic cations, hydrogen bonds, charge transfers, and London-van der Waals dispersion forces/
hydrophobic effect. However, direct proofs of a given mechanism are rare. Several factors influence
adsorption behavior. Electronic structure of adsorbed molecules, properties of adsorbents, and charac-
teristics of the liquid phase are discussed in relation to adsorption. Such properties as water solubility,
organic carbon content of adsorbing materials, and the composition of the liquid phase are particularly
important. Evaluation of adsorption can be obtained through either laboratory measurements or use of
several correlations. Adsorption measurements must be interpreted, taking into account treatment of
adsorbent materials, experimental conditions, and secondary phenomena such as degradations. Correla-
tions between adsorption coefficients and water-octanol partition coefficient or water solubility are nu-
merous. They may be useful tools for prediction purposes. Relations with transport, bioavailability, and
degradation are described.

Introduction
Development of agricultural practices in plant pro-

tection, of industrial activities, and of urban areas pro-
ducing waste waters and leading to various land dis-
posals are accompanied by the introduction in the
natural environment of an increased number of organic
chemicals. This is the result of either normal activities
or of several accidents responsible for spills and leaks.
Some of these chemicals are dangerous for plants, an-
imals, and human life; they are called pollutants. Al-
though the corresponding risk may be variable, it is
necessary to know and to predict the behavior of these
organic chemicals in the environment as they are some-
times dispersed in soils, groundwaters, and surface
waters.

Transport, transformations, and biological effects of
organic chemicals in soils and aquatic systems depend
strongly on their retention by the solid organo-mineral
phase. Retention has two possible causes. The first is
an association with organic soil constituents, probably
mainly due to reactions leading to covalent bonds be-
tween solute compounds and the solid phase. This is
usually called "chemical fixation." The second, with
which this paper is concerned, is adsorption of solutes
from an aqueous medium on a solid surface.
According to IUPAC terminology (1), adsorption is
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the enrichment (positive adsorption) or the depletion
(negative adsorption) of one or more chemical species
at an interface. Adsorption of chemicals on soils and
sediments and on their constituents has been exten-
sively studied and has given rise to many publications.
Several reviews have given much information and many
discussions on this subject (2-6). However, because of
the great variety of chemicals, soil and sediment com-
ponents, and experimental situations, there are many
results, explanations are not always clear, and valuable
conclusions are difficult to draw. It is thus worthwhile
reconsidering the literature data in order to try to im-
prove the presentation of our knowledge concerning ad-
sorption. The purpose of this paper is to give a new
review on this subject. Though it is impossible to claim
that this review is exhaustive, it is hoped that the main
results will be taken into account.

Description of Adsorption
For soils, sediments, and their constituents in natural

conditions, adsorption is the passage of a solute from
an aqueous phase to the surface of a solid adsorbent,
desorption being the reverse process. The solute may
be a neutral molecule or an ionic specie and the process
can take place either in the macropores or in the mi-
cropores of the medium. The role of its structure and
of molecular diffusion will be discussed later in the par-
agraphs dealing with kinetics and methodology.

In order to describe an adsorption phenomenon, it is
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necessary to obtain information about a) the relation-
ships at equilibrium between the amount adsorbed and
the concentration of the bulk solution in contact with
the adsorbent; this is given by isotherm curves of ad-
sorption and desorption; b) the energies that charac-
terize the equilibrium between the solid surface and the
liquid phase; thermodynamic treatments of adsorption
data allow their values to be obtained; and c) the speed
at which equilibrium is attained and the magnitude of
energies involved. These data are given by kinetic stud-
ies.

Adsorption Isotherms
Adsorption from a Gas Phase. Adsorption of gas

has been widely studied (7,8) but it rarely concerns
organic chemicals in natural systems. The reason is that
the solid surfaces have to be directly accessible to allow
adsorption from a gas phase. This only occurs in soils
sufficiently dry with no adsorbed water molecules on
solid constituent surfaces. Furthermore, chemicals
must have a high vapor tension (e.g., trifluralin, DDT)
or be gaseous (e.g., methyl bromide, ethyl bromide).
Three types of isotherms have been observed: Lang-
muir, Freundlich, and BET isotherms.
Langmuir Isotherm. The Langmuir isotherm de-

scribes adsorption on a homogeneous surface, with a
maximum adsorbed amount corresponding to a mono-
layer and without lateral molecular interactions. Its
expressions is

b P8_
a + bP

where:

0 fractional coverage
P pressure of gaseous compound
a, b constants

formation of multimolecular layers, and the BET theory
provides a tool for description of isotherms. Several
shapes have been observed, some of which show a cap-
illary condensation (7). The general expression of the
isotherms is:

w=W7m r-1 - (n+1)Xn + nXn+ 1
1 - X L 1 +(C-l)X - CXn+l J

where: (3)

W amount of vapor adsorbed at pressure P
Wm weight adsorbed corresponding to a

monolayer
X P/Po; PO = saturation pressure
C parameter related to the heat of adsorption

and to the heat of liquefaction of the vapor
n number of adsorbed layers

When adsorption is limited to a monolayer, Eq. (3)
reduces to a Langmuir-type equation.
Jurinak and Volman (9) have used the following trans-

formation of Eq. (3):

*(nX) 1 0(nX)
_ +

W WMCi Wm

¢(nX)= X[(1-Xn) - nXn(l-X)]
(1-X)2

0(nX) = X(1-Xn)
1-x (4)

Adsorption of ethylene dibromide on several soils con-
taining various types of clays follows this kind of isoth-
erm (9) as illustrated in Figure 1 for montmorillonitic
soils.

At low pressure the isotherm becomes linear and cor-

responds to Henry's law.
Freundlich Isotherm. Freundlich isotherms are ob-

served when adsorption takes place on heterogeneous
surfaces; it is described by the following formula:

q = KfPnf

where:
(2)

q amount adsorbed
P pressure of the gaseous compound
Kf, nf Freundlich constants

These isotherms may be derived by considering a
heterogeneous surface as a juxtaposition of small areas
to which Langmuir's isotherm is applied (8).
BET (Brunauer, Emmett, Teller) Isotherm. Ad-

sorption of gas on solid surfaces often gives rise to the

Adsorption from a Liquid Phase
The most frequent situation is that the liquid phase

is aqueous in soils and sediments. However, adsorption
studies from pure organic solvents or from organic sol-
vent-water mixtures are useful from a methodological
point of view to obtain information about solute-surface
interaction mechanisms. This point will be discussed
later.
A detailed theoretical treatment and a well-docu-

mented experimental description was given by Kipling
(10). The more general situation corresponds to systems
with two miscible compounds where the adsorption from
the solution takes place over the full range of molar
fractions. However, systems consisting of an aqueous
phase and dissolved organic chemicals are quite differ-
ent. This is due to the low water solubility of chemicals,
which is often less than 100 mg/L. It is especially the
case of hydrophobic compounds whose solubility can be
as low as 0.00095 mg/L (2,4,5,2',4',5'-PCB). As a con-

146



ADSORPTION OF ORGANIC CHEMICALS IN SOILS

Amount adsorbed

a

adsorption studies.
Adsorption isotherms have first been described on an

empirical basis and later some theoretical treatments
have been proposed. Here again, homogeneous surfaces
have to be distinguished from heterogeneous ones.
Adsorption on Homogeneous Surfaces: Langmuir

Formulation. The Langmuir isotherm may be ob-
tained by analogy with Langmuir adsorption of gas. It
can also be derived from classical and statistical ther-
modynamics. For a given solute the adsorbed amount,
q, and the equilibrium concentration, Ce, of the bulk
solution are related by:

kKLCe
q= l+kCe

where k and KL are two constants
Eq. (5) can be rewritten as

1 1 1
q kKLCe KL

b

FIGURE 1. (a) Adsorption of ethylene dibromide (EDB) on

morillonitic soils; (b) adsorption data plotted according to E
Redrawn from Jurinak and Volman (9).

sequence, adsorption of organic chemicals occurs

dilute solutions with low molar fractions, generalln
than i0'. This probably explains, at least partly
experimental and theoretical difficulties encounter

Therefore, the graph representing 1/q = f(l/Ce) should
be a straight line if the Langmuir relation is obeyed.
The above formulation was used by Weber and Gould

p/ (11) for the adsorption of several pesticides on active
° charcoal, by Moreale and van Bladel (12) for the ad-

sorption of herbicide-derived aniline residues on soils,
and more recently by Brown and Combs (13) for the
adsorption of methylacridinium ions on marine sedi-
ments. Figure 2 gives an example of the application of
the Langmuir formulation.

It is worth noting that this formulation has a physical
meaning only if the assumptions underlying its theo-
retical derivation are verified. All adsorption sites must
have the same adsorption energy (homogeneous sur-
face), lateral molecular attractions have to be negligible,
and the monolayer coverage must represent the maxi-
mum amount adsorbed. These conditions are sometimes
fulfilled for ionic compounds. For nonionic compounds,
however, the difficulty arises mainly from the hetero-
geneous character of adsorbent surfaces that certainly
possess sites with various adsorption energies owing to
the complex nature of soil and sediment constituents.
For these nonionic compounds the monolayer coverage
is not a constraint since it is not likely to occur due to
low solute water solubilities.
Heterogeneous Surfaces. To account for the exis-

tence of sites with different adsorption energies, Giles
et al. (14) have suggested writing the parameter k of

e(nx) the Langmuir formulation as a function of either the
adsorbed amount, q, or of the solution equilibrium con-

mont- centration, Ce. The isotherm is then expressed by:
;q. (3).

from

y less
I, the
red in

KLcOCe(Vl)
1 + cOCe(+l)

with k = mOCep

(7)
where

CO, constants

LOAM

(5)

(6)

147

on0



R. CALVET

Amount adsobed wnilcn is anaioguous Lo tne r reunuacn iormuia given uy
pmol/dg Eq. (2):

a o q = KfCenf, with Kf =OoKL andnf= +1 (9)

0
This formulation is widely used because it gives good

w00 descriptions of experimental results. It is worth noting
X@ that experimental values of nf are greater or lower than

)o X unity, which implies that P can be positive or negative.
DO

However, nf is often nearly equal to unity, a simple
situation that corresponds to a linear isotherm. In this

DO0 case, the adsorption coefficient is equivalent to a par-
tition coefficient of the solute between the solution and

A0 the solid surface. Several examples of Kf and nf values
are reported in reviews such as those of Hamaker and

70 Thomson (2) and Calvet et al. (4).
Adsorption isotherms can also be expressed as a po-

w0 /lynomial function of the equilibrium concentration as
proposed by Lambert (15).

___________________________________ Shape of Adsorption Isotherms. The shape of ad-
0 10 20 30 0o so 60 70 sorption isotherms is an important characteristic be-

(te) Equilibrium co.rxcentratlon cause it provides information about adsorption mecha-
nisms. Giles et al. (14) have proposed to classify(gl/pmol)X104 isotherms into several categories. This classification is
based on the initial slope (dq/dCe)ce =o which is impor-

b tant because it depends on the rate of change of site
availability. Figure 3 shows the four classes of possible
isotherms together with the corresponding conditions

/o for the parameter 3 of Eq. (7).
S-ISOTHERMS. This type of isotherm implies that

0, / @0adsorption becomes easier as the concentration in the
liquid phase increases. According to Giles et al. (14),

0 this is observed when the solute molecule is monofunc-
tional; has a moderate intermolecular attraction leading
to a vertical packing in the adsorbed layer; and meets

0

q4

02 a3

1/IJmo1

FIGURE 2. (a) Adsorption isotherm of 2,4,5-T on active charcoal; (b)
corresponding Langmuir plot. Redrawn from Weber and Gould
(11).

This formulation allows all kinds of adsorption iso-
therms to be described (4) and presents two particular
cases:

=0 corresponds to the Langmuir formulation
for sufficiently low concentrations

u.

q

S

13>o

4e

9

ql

O

FA L

3:0

CC

Sm/a Ce

Ce

FIGURE 3. Different shapes of adsorption isotherms (14). q is the
(8) adsorbed amount and Ce the equilibrium concentration.
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a strong competition for sites from molecules of solvent
or of another species.
For Giles et al. monofunctionality, as far as adsorption

is concerned, means that the solute molecule has a fairly
large hydrophobic part (> C5) and a marked localization
of the force of attraction for the substrate. For a given
molecule, this character may depend on both the nature
of the adsorbent surface and the nature of the solvent.

Literature shows that S-isotherms are often observed
with smectites (essentially montmorillonites) and some-
times also with other clays. Thus, one can suggest that
S-curves would be characteristic of organic molecules
adsorption on clay surfaces. This is consistent with some
other observations. The adsorption isotherm of bromacil
is transformed from an L to an S type when the organic
matter of a montmorillonitic soil is oxidized (16). Weber
et al. (17) have noted that adsorption of fluridone was
described by an S-isotherm in soils having a high mont-
morillonite content and a low organic matter content.
Table 1 gives several examples of systems with S-iso-
therms. Furthermore, it can be noted that the nature
of the solute molecule does not appear to be an impor-
tant factor except that all mentioned molecules are po-
lar. S-isotherms are illustrated in Figure 4.

L-ISOTHERMS. L-isotherms correspond to a de-
crease of site availability as the solution concentration
increases. This means that molecules are most likely to
be adsorbed in a flat position and that they do not suffer
a strong competition from solvent molecules (14). Ex-
amples of systems showing this type of isotherm are
systems with high polar solutes and substrates and
monofunctional ionic substances presenting very strong
intermolecular interactions.

L-isotherms have frequently been observed as shown
by results reported in the literature. Yet, no general
trend can be described because L-curves may be ob-
tained with extremely different solute/adsorbent sys-
tems. Organic cations as well as neutral molecules with
low or high water solubility are adsorbed in this way.
Likewise, mineral and organic adsorbents as well as

Table 1. Systems with S-isotherms.

b

Ca x/lm=56.3Ce 663

Na x/m= 65 4 Ce' 032

Na

Equilibrium corcentraticl
mol/I

FIGURE 4. (a) Adsorption isotherm of Metolachlor on a sandy loam
natural soil (X); after humic substances were removed by pyro-
phosphate + NaOH extraction (0); and after H202 treatment (e).
Redrawn from Kozak (168); (b) adsorption isotherm of methyl-
parathion on Na- and Ca-montmorillonites. Redrawn from Bow-
man and Sans (94).

Compounds
Oxamyl
Dimecron
Bromacil
Azinphos-methyl

Organophosphorus
compounds

Metabenzthiazuron
Terbutryne
Napropamide
Bromacil, Isocil
Fluridone
Carbaryl

Adsorbents
Cu-, Cd-, Zn-, Mn-, Co-, Ni-

montmorillonites
Ca-montmorillonite, oxidized soils
Ca-, Cu-montmorillonites,

Ca-hectorite
Na-, Ca-, Fe-montmorillonites

Ca-montmorillonite at pH 3

Na-montmoillnite, Na-kadinite
Soils
Ca-montmorillonite, soils

Metolachlor Soils

Reference
(55) various soils and sediments adsorb solutes according to

L-isotherms. Table 2 gives some examples of systems
(16) and Figure 5 shows an illustration of the corresponding
(62) results.

H-ISOTHERMS. H-isotherms are special cases of L-
(95) isotherms and are observed when the adsorbent surface

possesses a high affinity for the adsorbed solute. Bi-
(118) pyridinium ions with clays and humic acids show this

behavior (4,18,19). Examples of H-isotherms are given
in Figure 6.

(168) C-ISOTHERMS. C-isotherms correspond to a con-
(17) stant partition of the solute between the bulk solution
(169)

and the adsorbent (14). Conditions favoring C-curves
(169) are a porous substrate with flexible molecules and re-
(170) gion of differing degrees of solubility for the solute and
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Table 2. Systems with L-isotherms.

Compounds Adsorbents Reference
Ionic
2,4-D Illite, sand, humic acid, pH 6 (31)
2,4-D, picloram Humic acid, pH 3.3-3.6 (44)
Oxamyl Na-kaolinite, illite, (65)

montmorillonite
Terbutryne Humic acid (171)
Benzidine Sediments, soils (56)

Neutral
Simazine Soils (2)
Lindan Soils (38)
Fluridone Soils (17)
Atrazine Soils (2)
Atrazine Ca-montmorillonite, pH 3 (118)
Napropamide Soils (172)
Chlortoluron Soils (173)
Bromacil Soils (173)
a-Naphtol Soils (89)
Nitrobenzene Sediments, soils (38)
Tebuthiuron H, Ca-organic matter (174)

10.

8

solutes with higher affinity for the substrate than for 2 I /
the solvent allowing easy penetration in the substrate. 0
These conditions are likely to be met with hydrophobic
compounds and soil or sediment organic matter, as
shown, e.g., with chlorinated organic compounds (20), r
dibenzothiophene (21), and nitrogen heterocyclic com- d 2i 00oo 600 800 1000
pounds (22). In spite of that, various other systems with Equilibrium concentatkfn
mineral adsorbents and/or polar compounds are also rrol/ I
characterized by C-isotherms. Table 3 and Figure 7 give
some examples of such isotherms.

It happens frequently that adsorption isotherms are 6 b
strictly L-curves but are very close to C-curves, which pn/ b
can be taken as approximate descriptions. For example, 30.
this is the case of the results of Felsot and Dahm (23)
concerning organophosphorus and carbamate insecti-
cides adsorbed on various soils. 26
GENERAL COMMENTS. Adsorption of organic chem-

icals on soils, sediments, and their constituents reveals 22
a great variety of systems and behaviors. No general * 23
rule can be derived from the reported results because /
of the wide range of variation of molecular properties 18
and of adsorbent substrates. In addition, simple cor- .
respondence between the conditions advanced by Giles v /
et al. (14) and experimental isotherms are not straight-
forward. This is mainly due to insufficient knowledge
of the structure and surface properties of amorphous
mineral and organic adsorbents and of their associations
with clays. 6

Nevertheless, isotherms alone are certainly not able
to describe completely the adsorption phenomenon.
Thermodynamic and kinetic data, as well as any infor-
mation about the molecular mechanisms, have to be wto 2D 3D
used in order to provide more detailed descriptions. Equilibrium con-centration

pJmor/ml
Desorption Isotherms FIGURE 5. (a) Adsorption isotherm of benzidine on several soils andDesorption Isotherms sediments; numbers refer to samples listed in Zierath et al. (29);

(b) adsorption isotherm ofa-naphtol on several soils and sediments;
Desorption has been much less studied than adsorp- numbers refer to samples listed in Hassett et al. (88). Redrawn

tion and it is not yet well understood. Desorption iso- from Hassett et al. (88)
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Amount adsorbed
rneq/g

0

0

o x

x

o/

o/

x

0

I V 0 4 7tdilibrium cnwcerratfna -b 20 30 0o so meq/lI

FIGURE 6. Adsorption of paraquat on Ca-humates in water (0) and
in a CaCl2 (0.666 N) solution (x). Redrawn from Burns et al. (19).

Table 3. Systems with C-isotherms.

Compounds Adsorbents Reference
Buthidiazol, Ca-montmorillonite (174)

fluridone, tebuthiuron
Bromacil Na-illite, silicagel (168)

2,4-D Na-montmorillonite
Alumina, silicagel

Fenuron, monuron H (Al)-montmorillonite (175)
Napropamide Soil + organic matter (172)
Bromacil Peat soil (16)

therms can generally be represented by
type formula:

a Freundlich

adsorption

Equilibrium conxentration
prnO/ /1

qa = KfaCenfa;

desorption

qd = KfdCenfd

In the case of hysteresis, Kfd and nfd are respectively
different from Kfa and nfa. A relation between adsorp-
tion and desorption parameters has been proposed by
Hornsby and Davidson (24):

Kfd = (Kfa)nfa/nfd (qmax)(1 -nfa/nfd) (11)

This formula was later applied by van Genuchten et
al. (25) for picloram and by O'Connor et al. (26) for
2,4,5-T desorption from soils. It shows that the shape
of desorption isotherms depends on the adsorbed
amount of solute before desorption (qm).

Experimental results frequently show a different
q = f(Ce) relation for desorption as compared to ad-
sorption. This phenomenon, called adsorption hyster-
esis, is not completely explained. It has been observed
by several authors and references concerning this topic

Equilibrium cwfcWratian
pmol/l

(10)

FIGURE 7. (a) Adsorption isotherms of fenuron and monuron on
H(Al)-clays; fenuron-bentonite (0); monuron-bentonite (0); mon-
uron-Camberteau montmorillonite (x); fenuron-Campberteau
montmorillonite (*). Redrawn from van Bladel and Moreale (173).
(b) Adsorption isotherms of dibenzothiophene on several soils and
sediments; numbers refer to samples listed in Hassett (21). Re-
drawn from Hassett et al. (21).

Table 4. Systems showing adsorption hysteresis.

Compounds Adsorbents Reference
Napropamide Soils (172)
Organophosphorus Na, Ca, Fe- (95)
compounds montmorillonites

Organophosphorus, Soils (23)
carbamate insecticides

2,4-D Soils (176)
2,4,5-T Soils (26)
Terbufos, terbufos Soils (177)

derivatives
Chlorsulfuron Soils (178)

12

0.9a

a6l

034
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have been given by Hamaker and Thompson (2) and
Calvet et al. (4). Other references are listed in Table 4.
For adsorption of hydrophobic compounds on sedi-

ments, Di Toro and Horzempa (27) have shown that
linear relations hold both for adsorption and desorption.
Thus hysteresis was simply described in this situation.
As will be shown, hysteresis is strongly dependent on
the adsorption mechanism. However, when interpret-
ing desorption data, it is advisable to consider secondary
phenomena such as degradation or chemical fixation,
which may be a source of erroneous observations.

pg9/g

*o Desorption
* Adsorption

Thermodynamics of Adsorption
Thermodynamic Characteristics. A detailed analy-

sis of the thermodynamics of organic chemical adsorp-
tion is not the purpose of this paper. The aim here is
only to give a summary of the approaches that are often
followed by soil scientists interested in adsorption phe-
nomena.
There are two kinds of thermodynamic characteris-

tics. The first concerns the characterization of the pro-
cess of adsorption (or of desorption) causing the system
to pass from an initial state to a final equilibrium state.
The thermodynamic characteristic is the Gibbs Free
Energy change during adsorption. If Ke is the corre-
sponding thermodynamic equilibrium constant, one has:

AG = -RT Ln Ke. (12)

A general expression of the adsorption reaction can
be written as follows:

nlSal + n2Sb2 n2Sa2 + nlSbl (13)
where a and b represent the adsorbed phase and bulk
solution, and 1 and 2 represent the solvent and solute,
respectively. nl and n2 are the numbers of molecules
involved in the process.
The corresponding equilibrium constant is given by:

(14)

Equilibrium concentration
/ig/r l

Amount adsorbed
mg/g b

* Adsorption

* Desorption

where Cij is the concentration and -yij is the activity
coefficient. Unfortunately, this formula is difficult to
apply because solute activity coefficients and concen-
trations in the adsorbed phase cannot be easily calcu-
lated.

In order to simplify the expression of Ke, the system
is characterized for a limiting case corresponding to
Cb2 -O 0 and Ca2 -* 0. Furthermore, it is assumed that
the ratio of all the activity coefficients approximate un-
ity, which is valid for small concentrations; the ratio
concerning the solvent molecules is constant; and
nl = n2 = 1, that is, adsorption of one solute molecule
entails the desorption of one solvent molecule.
With these assumptions, Eq. (14) reduces to:

KeCb2 Cal orKe Cb2 Cal = constant (15)

10
Equilibrium concentration

mg/ml

FIGURE 8. (a) Adsorption with hysteresis: atrazine adsorption on a
loam clay; adsorption (o) and desorption (o,o). (b) Adsorption with-
out hysteresis: propamocarbe adsorption on a clay soil; adsorption
(0) and desorption (o). (Calvet, unpublished results).

The concentration of solute in the adsorbed phase C.2
still remains to be expressed. For that purpose, Biggar
and Cheung (28), and Moreale and van Bladel (12) have
used a formulation proposed by Fu et al. (29). This leads
to:

C (pj/M()Aj (16Aa2=S/Nqa - (A2/M2) x 106 (6

152

K
=

(Ya2)n2(ybl)n I (Ca2)n2(Cbl)n 1
e (yal)nl (Yb2)n2 (Cal)nl (Cb2)n2



ADSORPTION OF ORGANIC CHEMICALS IN SOILS

where
A ,A2 respective cross sectional areas

(cm2/molecule)
M1,M2 respective molecular weights

(g/molecule)
S surface area of the adsorbent

(cm2/g)
qa
N
P1

amount adsorbed (g/g)
Avogadro's number
density of the solvent (g/ml)

Then the characterization consists of calculating the
limiting value of the ratio C,2/Cb2 (thus of Ke' = K) by
extrapolating a plot of Ca2/Cb2 against Ca2 to Ca2 = 0.
This leads to:

AGO = -RT Ln Ko

AH
(LnK)

°H0- ~a(1/T)

=
AHO -AGo(T)

0SO T (17)

Examples of application of this theoretical treatment
were given by Biggar and Cheung (28) for adsorption
of 2,4,5-T on soils and by Moreale and van Bladel (12)
for adsorption of aniline molecules on soils. It is impor-
tant to note that this implies a constant value of the
enthalpy of adsorption.
The second concern is the characterization ofthe equi-

librium of the system. As pointed out by Burchill et al.
(6), this is done by envisaging a virtual process that
takes place under equilibrium conditions with no change
in the Gibbs Free Energy. In this case, AHi = TASi,
where the A represents the variations corresponding to
the adsorption of a unit amount of substance under equi-
librium conditions. AHi is the difference, at equilibrium,
between the partial molar enthalpy of the adsorbed sol-
ute and that of the solute in solution. Although it can
be determined by calorimetric measurements, it is gen-
erally obtained from isotherm adsorption data for a

given amount adsorbed (q) at a constant area (A) of the
adsorbent and pressure (P). The enthalpy values so de-
termined are called isosteric heat of adsorption. Then:

Ai=a(Ln Cb2) (8
AHi = Ja(1I/T) qA.p (18)

A more rigorous expression is obtained by using activ-
ities instead of concentrations.
A complete theoretical treatment was proposed by

Mills and Biggar (30), who derived an expression of the
differential heat of adsorption at constant spreading
pressure. They emphasized that this characteristic rep-
resents the true difference in partial molar enthalpy of
the solute between the adsorbed and the bulk phases.
However, isosteric heats of adsorption have been more
frequently determined. Some examples of systems to
which this calculation was applied are given in Table 5.

Table 5. Systems for which isosteric heats were calculated.

Compounds Adsorbents Reference
2,4-D Various adsorbents (31)
Isocil, bromacil Various adsorbents (168)
Anilines Soils (12)
Azinphos-methyl Smectites (62)

Physical Meaning of Measured Thermodynamic
Characteristics. Thermodynamic characteristics are
both macroscopic and global. Even at low solute con-
centrations, several interactions have to be considered:
solute-adsorbent surface, solute-solvent, adsorbent sur-
face-solvent, and solvent-solvent. Calculated values
must be interpreted carefully since, in general, they do
not always give a direct characterization of the solute
surface bond. Other information about the molecular
and adsorbent properties and on the solute-adsorbent
complex (e.g., IR data) are necessary.
Three main types of information may be provided by

the analysis ofthermodynamic characteristics. The first
concerns the way in which isosteric heat of adsorption
(or the differential heat) varies with the adsorbed
amount, which is closely related to the shape of iso-
therms. A constant AHi value would correspond to a
Langmuir isotherm, whereas AHi values exponentially
decreasing with surface coverage would correspond to
Freundlich isotherms (6). Examples of the latter situ-
ation are given by Haque and Sexton (31) and Burchill
and Hayes (6). The second type of information deals
with solute-surface interactions as shown by Biggar and
Cheung (28) for picloram adsorption by soils. They found
values of standard enthalpy of - 20 kcal/mole at pH =
2.0 and of - 5.3 kcal/mole at pH = 4.2. They interpreted
this on the basis of molecular states of picloram. At pH
= 2.0, picloram essentially occurs in protonated and
dipolar forms (pKa = 3.4) and can strongly interact with
metallic cations on the surface. On the contrary, at pH
= 4.2, most of the molecule is in anionic form causing
a weaker interaction with the surface. The third type
of information concerns the possible occurrence of other
phenomena taking place simultaneously with adsorp-
tion. Thus a positive enthalpy was interpreted by Mo-
reale and van Bladel (12) to be due to a diffusion process
into soil particles and by Sanchez Martin and Sanchez
Camazano (63) to be due to interlamellar swelling of
clays.
The solvent relevant to environmental systems is

water and thus solute-water interactions are important.
They may be taken into account in two ways. In the
first way, expressions for thermodynamic characteris-
tics are written in terms of reduced solute concentra-
tions C/CO (CO being the water solubility in the bulk
solution). Under these conditions thermodynamic char-
acteristics correspond to passage of the solute from the
solid state to the adsorbed state (30). This procedure
has been used by several authors to eliminate the effect
of solute-solvent interactions. Some examples have
been reported in Calvet et al. (4). However, it is unlikely
to provide a real improvement of thermodynamic analy-
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sis. The second way to take into account solute-solvent
interactions is illustrated by the case of hydrophobic
compounds adsorption. This was sometimes described
as a partition phenomenon between water and soil or
sediment organic matter. The equilibrium thermody-
namic constant is then expressed in terms of fugacity
coefficients of the solute in water and in organic matter
phase (32).

Kinetic Characteristics
Kinetic study of adsorption is important because it

gives the times necessary to reach the equilibrium for
adsorption and desorption that are required data for
obtaining valuable isotherms and the energetic char-
acteristics of molecular displacements and reaction near
or on the adsorbent surface (which bring the solute in
the adsorbed state).
Some works on this subject have been reported in

previous reviews (3,4,33,34). From these and others
cited below, it appears that adsorption rates are gen-
erally greater than desorption rates; for adsorption,
equilibrium is often reached within 1 to 24 hr although
it can take longer for some systems because other phe-
nomena, such as chemical fixation, are acting after ad-
sorption has been achieved.

Several theoretical treatments are proposed to mo-
delize the kinetics of adsorption. Models can be classified
into three categories: models based on the surface re-
action only; models that take into account the surface
reaction and the transport towards the surface and/or
into the adsorbent aggregates; and black box models.

Surface Reaction Models
Instantaneous Reaction. Instantaneous reaction

corresponds to the most simple situation. The rate of
adsorption is given by:

a qa alf(Ce)] (19)
a t a t

f(Ce) is generally considered as a linear or as a Freun-
dlich isotherm. Examples of the use of this model are
given by Nkedi-Kizza et al. (35) and van Genuchten et
al. (25).
Noninstantaneous Adsorption. Models describing

noninstantaneous adsorption are widely used. They
present various degrees of complexity depending on
whether adsorption and desorption are described si-
multaneously or not.
MODELS BASED ON ADSORPTION RATE ONLY. A

first-order kinetic model has often been applied, as in
the works of van Genuchten (25), O'Connor et al. (26),
and Nkedi-Kizza et al. (35). The corresponding equation
is:

aqa = a[KCn - qa] (20)at
where qa, and C are the adsorbed amount and the so-

lution concentration, respectively; K and n are adsorp-
tion isotherm parameters, and a is the first-order rate
constant.

This type of model was modified by several authors
to account for the existence of two categories of ad-
sorption sites. This was done assuming that either one
category with instantaneous equilibrium is associated
with another characterized by a first-order rate law (36)
or two categories obeying a first-order rate law are
present (37,38). Higher order kinetics have sometimes
been observed (12).
MODELS BASED ON ADSORPTION AND DESORPTION

RATE. Starting from a formulation proposed by Fava
and Eyring (39), Haque and Sexton (31) and later Lind-
strom et al. (40) derived a kinetic model having the
following characteristics: it is applicable to sparingly
soluble compounds and takes into account adsorption
and desorption; it uses the concept of distance from the
equilibrium, expressed as the fraction of adsorbed sol-
ute +; + is related to adsorption and desorption veloc-
ities that are derived from a general Langmuir ap-
proach; it introduces a sticking probability, function of
+; and it contains a free-energy variation term for ad-
sorption and desorption, which is taken as a linear func-
tion of solute adsorbed fraction.
The model was applied by the authors to the adsorp-

tion of 2,4-D, isocil, and bromacil on several adsorbents.
A numerical procedure is developed to allow the rate
and energetic parameters to be determined from the
+(t) experimental curves. Another application was
given by Bansal et al. (41) for the adsorption of oxamyl
on illites, confirming that the model is useful for the
simultaneous evaluation of adsorption and desorption
rates.
A slightly simpler model, based only on adsorption

rate and without a sticking probability function, was
also used by Haque et al. (42), Haque and Sexton (31),
and Leenheer and Ahlrichs (43).
Surface Reaction-Transport Models. Kinetic ad-

sorption data frequently show two steps. The first, quite
rapid, is probably due to a surface reaction; the second,
slower, is attributed to a transport into the adsorbing
aggregates. Such observations were given for example
by Leenheer and Ahlrichs (43) and by Khan (44).

Several descriptions and models have been proposed
in the literature. The simplest situation holds when ad-
sorption is instantaneous (or nearly so), so that the rate-
limiting step is the molecular diffusion into aggregates
(or also into porous grains). This situation was observed
by Weber and Gould (11) for the adsorption of several
pesticides on active charcoal for which the amount
sorbed was a linear function of the square root of time.

In order to obtain more realistic descriptions, the
structure of the adsorbing medium has to be considered.
From this point of view there are two kinds of systems:
suspensions of particles that can be isolated or aggre-
gated and three-dimensional porous media that can be
either undisturbed soil cores or simply nonporous par-
ticles or aggregate packings.
The first situation, which corresponds to the classical
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slurry experiments, was recently described by McKay
et al. (45) and by Miller and Weber (38). In the model
proposed by McKay et al. for adsorption kinetics, three
steps are described: solute diffusion from the fluid phase
to the surface aggregate (several elementary particles
associated together); adsorption on the surface; and dif-
fusion into the aggregate. Equations of the model were
solved numerically. An application is described for the
adsorption of dyes on various adsorbents.
The model of Miller and Weber (38) is different in

that the adsorption process is only described on the
basis of solute transport. Two steps are involved: a mo-
lecular diffusion through a boundary liquid layer sur-
rounding the soil particle and a molecular diffusion
within the particle itself. According to the authors, ex-
periments with lindan and nitrobenzene adsorption on
soil suspensions are well described by the model.
The second kind of situation may be envisaged in two

ways. In the first way, adsorption is taken as a source/
sink phenomenon coupled with a transport equation,
and its kinetics are simply described by an instanta-
neous or a first-order rate law. Numerous publications
about solute transport in porous media illustrate this
approach (25). However, from the adsorption point of
view, it does not represent an improved description. A
second way to describe adsorption kinetics in porous
media with a moving liquid phase has been recently
proposed by Akratanakul et al. (46), who also considered
three steps (Fig. 9).
Three basic equations are written: a) the mass balance

for ions in the bulk solution based on a two-dimensional
analysis. The equation relates C, the concentration in
the bulk solution, the hydrodynamic dispersion coeffi-
cient, the Darcian flux, and the volumetric water con-
tent; b) the mass balance for ions in the subsurface layer;

Pore space

FIGURE 9. Schematic representation of the pore space used in the
model of Akratanakul et al. (45).

since there is no bulk flow in this region, the equation
only described a one-dimensional molecular diffusion;
and c) the surface rate reaction; it takes into account
an activation energy corresponding to a system that
follows a Freundlich isotherm.

Solutions of this system of equations are obtained
with the following boundary conditions: no flux at the
outer boundary of the bulk solution; at the subsurface
layer/bulk solution boundary, the diffusion flux in the
subsurface layer is set equal to the rate of solute trans-
fer in the bulk solution to the subsurface layer; at ad-
sorbed layer/subsurface boundary, diffusion flux in the
subsurface layer is set equal to the rate of amount ad-
sorbed.
An application for adsorption of Cd-cations shows that

the diffusion across the subsurface layer is the rate-
limiting step when the system is far from the equilib-
rium and that the adsorption rate increases with the
pore water velocity (47). It would be interesting to apply
this model to organic chemical-soil systems.
Black Box Models. Black box models constitute a

very different approach to the kinetics of adsorption.
From this point of view, the soil suspension can be rep-
resented as a system containing (48) two compartments,
the solution phase and the soil particles or aggregates.
Solute transfers take place between these two com-
partments; three compartments, one for the solution
phase and two for the soil particles or aggregates.
Transfers take place to and from the solution but not
between the two soil compartments.
Rate constants values are calculated from experi-

mental kinetic curves. According to the authors, the
three-compartment model seems to give the better re-
sults. This kind of model is only useful for numerical
descriptions of adsorption kinetics but does not allow
physicochemical parameters to be evaluated. Never-
theless, it would be interesting to study the variations
of the size of compartments with the soil composition
and the chemical nature of the solute.

Adsorption Mechanisms
Adsorption and desorption isotherms, thermody-

namic, and kinetic data cannot be fully understood un-
less the molecular mechanisms are known. According
to the properties of solutes and substrates, several in-
teraction mechanisms with the surface are possible: ion
exchanges, interactions with metallic cations, polar in-
teractions, charge transfers, and London-van der Waals
dispersion forces/hydrophobic effect. Several reviews
such as those of Mortland (49), Burchill et al. (6), Khan
(5), and Theng (50) among others have been published
on the subject, so only the principal features will be
discussed in this chapter.
For a given system, the description of adsorption

mechanisms is a difficult task because of the wide range
of solute chemical structures and of adsorbent proper-
ties of soil constituents. In addition, direct experimental
evidence of a particular mechanism is quite rare and
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one is often confined to propose a hypothesis. Never-
theless, the great body of published results allows some
partial conclusions to be drawn.

Ion Exchanges
Ion exchanges can take place either between cations

and negatively charged surfaces or between anions and
positively charged surfaces. The first situation is the
most frequent for organic chemicals and corresponds to
the adsorption of organic cations on clays and humic
substances. Organic cations of interest belong to two
groups of compounds: compounds with a permanent
charge such as bipyridinium herbicides (5,18,51); weak
bases with pKa values between 3.0 and 8.0 allowing
ionization by protonation in normal soil pH range. This
is the case of some triazine herbicides (52,53) and of
some carbamate fungicides (54) oxamyl and dimecron
(55) and benzidine (56).
Evidence ofion exchanges is given by adsorption com-

petition between organic cations and other cations.
Amounts of adsorbed diquat and paraquat decrease in
the order: Na-humic acid > K-humic acid > Ca or Mg-
humic acid, and also decrease with pH (57). Paraquat
cations favor the desorption of tricyclazole cations from
soil organic matter (58). Release of calcium cations upon
adsorption of chlordimeform cations also demonstrates
clearly the ion exchange mechanism as shown in Figure
10 (59).
Furthermore, it can be observed from Figure 10 that

cations are partially adsorbed through another mecha-
nism, which has not been described yet. The role of
other interactions in cation adsorption has also been
noted for paraquat and diquat (60).

Adsorption isotherms for organic cations are fre-
quently of the H-type, revealing high solute-sorbent
affinity (18,59,61). Langmuir isotherms have also been
observed and appeared to be related to high competition
(13,57). Organic anions can also be adsorbed through an
ion exchange mechanism on oxides and hydroxides, but
probably it is not the main mechanism for these com-
pounds.

H-Bond Interactions
The chemical structure of adsorbed organic com-

pounds and the nature of soil constituent surfaces allow
hydrogen bonds to be formed. The corresponding in-
teraction energy is of the order of 1-10 kcal/mole and
is greater between oxygen and/or nitrogen atoms. Hy-
drogen bonds have been assumed to be responsible for
adsorption in various systems, either directly through
associations with functional surface groups or indirectly
through associations with hydration water molecules of
exchangeable metallic cations. Table 6 lists some sys-
tems for which hydrogen bonding have been assumed.

Interactions with Metallic Cations
Adsorbents in soils contain various cations as ex-
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FIGURE 10. Variation of adsorbed amount of chlordimeform on Ca-
humic acid against the calcium released in solution. Redrawn from
Maqueda et al. (58)

Table 6. Systems for which hydrogen bonding is assumed.

Compounds Adsorbents Reference
Organic molecule HoH Al-montmorillonite (116, 179)
Carbamates
Anilines Montmorillonites (180)
Phenol, p-nitrophenol Montmorillonites (181)
2,4-D Montmorillonites (182)
Malathion Montmorillonites (64)
Atrazine Al-montmorillonite (123)

Organic molecule HO
Substituted phenol Soils (75)
N-Phenyl carbamates, Nylon (183)

acetanilides, anilines
2,4-D Silica gel, clays (31)
Picloram Soils (28)
Atrazine Humic acid (164)
Atrazine Cation exchange resin (110)

changeable ions or as constitutive units of crystalline
and amorphous minerals, so there are many opportun-
ities for organic molecules-metallic cations interactions.
According to the electron acceptor power of cations,
two types of interactions are possible: cation-organic
dipole interactions, likely to occur with Na+, K+, Ca2e,
or Mg2+; and coordination bonds with transition metallic
cations.

Information about these interactions is generally ob-
tained by comparing the effect on adsorption of various
cations, and by analyzing infrared spectrometric data.
Characteristic vibration frequencies ofC=O, C=N and
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P=S groups are modified upon interactions with me-
tallic cations. This was observed for adsorption of ox-
amyl and dimecron on Cu, Cd, Zn, Mn, Co, and Ni-
montmorillonites by Bansal (55) and for adsorption of
phosmet and chloridazone on Na, K, Ca, Mg, Ba, and
Ni-montmorillonites by Sanchez Martin and Sanchez
Camazano (62,63).
However, direct interactions between the organic

molecule and the cation can be precluded by water mol-
ecules as shown by the results of Bowman et al (64),
who supposed that direct interactions between mala-
thion molecules and cations only take place in dehy-
drated montmorillonites. When water molecules are in-
volved in organic molecule-cation bonds, they
participate in hydrogen bonding as previously de-
scribed.

Coordination bonds can also be inferred from com-
petitive effects of some organic ligands. An example is
the decrease of oxamyl adsorption on Fe and Al-clays
induced by humic acids (65).

Charge Transfers
Several authors have proposed charge transfers as a

possible adsorption mechanism. Formation of a donor-
acceptor complex between an electron donor molecule
and an electron acceptor involves partial overlap oftheir
respective molecular orbitals that allows electron ex-
changes (7u-7r interactions). Chemical characteristics of
both organic solutes and soil constituents may explain
such interactions in the adsorption process. Two ex-
amples are relevant to this mechanism.
The first concerns the adsorption of diquat and pa-

raquat molecules on montmorillonite for which Haque
et al. (60) have observed some modifications of UV ab-
sorption spectra of the adsorbed molecules. The ob-
served increase of the maximum absorption wavelength
has been attributed to an enhanced electron delocali-
zation, revealing a possible charge transfer.
The second example relates to adsorption of triazines

and substituted ureas on humic acid (66,67). These her-
bicides are known to behave as electron donors in the
chloroplast, leading to an inhibition of electron transport
process in the photochemical pathway. Senesi and Tes-
tini have put forward the hypothesis that the same mo-
lecular constituents control the binding mechanisms in
both the humic acid and the reactive sites in the chlo-
roplast (66,67). The molecular constituents are thought
to be conjugated quinone units apd aromatic carbonyl
groups. For instance, ESR data show an increase of
free radical content of humic acid-herbicide molecule
complex as compared to the humic acid alone. This was
interpreted as an indication of charge transfers.

London-van der Waals Dispersion Forces/
Hydrophobic Effect
Adsorption of many organic chemicals is mainly due

to soil organic matter, particularly for hydrophobic com-

pounds. This was explained either in terms of solute
partition between water and organic matter or in terms
of solute adsorption.

Partition between two liquid phases is a three-
dimensional process and has been considered by several
authors as the main mechanism accounting for hydro-
phobic retention of chemicals in soils and sediments
(20,32). Arguments supporting this theory are based on
thermodynamic analysis, solute solubility, lipophilic
character, and the existence of a linear relationship be-
tween adsorbed amounts and equilibrium bulk phase
concentrations. However, such a relationship cannot
univocally correspond to particular systems as shown
by adsorption isotherms given in Figure 7 and as dis-
cussed by Mingelgrin and Gerstl (68). In addition, owing
to the nature of humic substances and organomineral
associations in the soil, it seems unlikely that soil or-
ganic matter may be described as a hydrophobicike
liquid phase.

Physical adsorption on organic matter is probably a
more satisfactory explanation. Following the consid-
erations of Hamaker and Thompson (2), the adsorption
mechanism can be described on the basis of two phe-
nomena: a) Hydrophobic molecules-water interactions.
A hydrophobic molecule has no affinity for water; its
introduction into liquid water causes water molecules
to rearrange and to form an icelike structure around it.
In spite of the negative enthalpy variation of this pro-
cess, the corresponding entropy variation is highly neg-
ative (increased order), which is unfavorable. Thus, the
spontaneous tendency of the system is to evolve toward
a state where the hydrophobic solute is expelled from
the liquid water. This is the hydrophobic effect. b) Phys-
ical adsorption on organic matter. The solute can be
easily expelled if water is in contact with an adsorbent
possessing hydrophobic surfaces that can adsorb hy-
drophobic compounds through London-van der Waals
dispersion forces. Such interactions are usually weak
(1-2 kcal/mole), but they may be magnified by the hy-
drophobic effect. The energy involved in the hydro-
phobic adsorption process arises mainly from the con-
figurational rearrangement of water molecules as
hydrophobic species come together, leading to a de-
crease of the water-hydrophobic interface area. Al-
though the resulting attraction between solute and solid
surface has the same range as London-van der Waals
dispersion forces, it is an order of magnitude greater
(69).
Analogy between this adsorption mechanism and re-

verse-phase liquid chromatography (RPLC) has been
stressed by Rao et al. (70) and by Woodburn et al. (71).
The theoretical basis ofRPLC is the solvophobic theory
that uses the hydrophobic and polar surface areas (HSA
and PSA, respectively) as principal variables (72,73).
Solutes for which PSA is small or inexistent are thus
adsorbed from an aqueous solution through London-van
der Waals dispersion forces/hydrophobic effect (e.g.,
polycyclic aromatic hydrocarbons, alkylbenzenes, halo-
benzenes). Accordingly, surface area of organic mole-
cules is a fairly important characteristic as discussed by
Sabljic (74) who proposed a description of adsorption in
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terms of molecular topology using a connectivity index
(parameter well correlated to molecular surface area).
However, it should be noted that organic chemical,

and especially pesticide and herbicide, adsorption on
soils and sediments is not as simple as the reversed-
phase chromatography. In that process the solid organic
phase consists only of alkyl chains that make a station-
ary phase totally (or nearly so) hydrophobic. The solid
phase in soils does not present the same features, since
organic matter contains some polar and ionizable
groups. Thus, adsorption of molecules possessing polar
and nonpolar groups involves one or several mecha-
nisms described above. This is a complicated situation,
which probably explains the lack of definite descriptions
of organic chemicals adsorption on soils and sediments.

Factors Affecting Adsorption
Several factors affect organic chemical adsorption on

soils and sediments: molecular properties of adsorbed
compounds; properties of adsorbents; and liquid-phase
characteristics (composition and water content of ad-
sorbing medium). Adsorption also depends on temper-
ature, as shown by thermodynamic and kinetic descrip-
tions. Increases in temperature generally cause
adsorbed amounts to decrease and adsorption and de-
sorption rates to increase.

Molecular Properties
Molecular properties may be classified into three cat-

egories related to the electronic structure, the partition
coefficients, and the size and shape of molecules.
Electronic Structure. The nature of constituent at-

oms and of functional groups determine electronic struc-
ture. Three aspects have to be considered: the polarity
depending on electron distribution; the polarizability
representing the ease with which the electronic cloud
is deformed in an electric field; and the charge delocal-
ization being a consequence of the presence of wr elec-
trons.
The magnitude of permanent and induced electric di-

poles is fixed by the polarity and the polarizability, re-
spectively, which appear to play a part in adsorption
mechanisms, particularly for interactions with metallic
cations.
Charge distribution has a major influence on the bind-

ing of molecules to adsorbent surfaces. Charges in ar-
omatic and conjugated aliphatic structures are delocal-
ized. This delocalization is important for adsorption of
pyridinium and bipyridinium compounds, protonated
triazines, aromatic, and pseudo-aromatic molecules. For
instance, adsorption through charge transfers and hy-
drogen bonds is greatly affected by charge delocaliza-
tion. Four examples will illustrate these effects.

Adsorption of phenols and substituted phenols (basic
structure of many hazardous organic chemicals) is
closely related to the electron donor power and position
of ring substituents (75). Table 7 shows that: a) Ad-
sorption increases with the electron donor power what-

Table 7. Effect of the nature and position of ring substituents:
values of Freundlich constant K (75).

Position NO2 Cl OCH3 OH
ortho 3.05 1.37 1.07 0.59
meta 1.42 1.78 0.94 0.92
para 1.48 1.88 1.60 1.31

FIGURE 11. Variation of adsorption of propyzamide and of its de-
rivatives against soil organic matter content. Ring substituents
are indicated on the top of the figure. Redrawn from Bastide et
al. (75)

ever the position, ortho, meta, or para. This is due to
the increased ability of phenol OH to act as proton ac-
ceptors and thus to form hydrogen bonds. b) Adsorption
is lower when the substituent is in the ortho position
because steric hindrance of H-bond formation. c) The
ortho position of NO2 favors intramolecular hydrogen
bonds and decreases water solubility, thus increasing
adsorption.
The adsorption ofpropyzamide and its derivatives are

also well correlated to the electron donor power of the
ring substituent as illustrated in Figure 11 (76). The
presence of chloride substituent on phenyl ring of sub-
stituted ureas increases their adsorption (77).

Studying adsorption of aromatic carbamates, Pusse-
mier (78) found linear relationships between the loga-
rithm of the Freundlich adsorption constant Kfa and the
charge transfer constant CT. CT is a measure of wr elec-
tron density on aromatic ring and is defined as:

RLk(H)] (21)

where k(R) is the association constant for the formation
of a charge transfer complex between tetracyanoethy-
lene and the substituted compound (R) and k(H) is the
same constant for the parent compound.
Another aspect of the role of the electronic structure

is clearly shown by the different behavior of mesomeric
forms of a molecule. Energetic characteristics for the
adsorption of beta and gamma isomers of HCH on min-
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eral surfaces are different (30) and adsorption on silica
of 2-chlorothiopyrimidine is less than that ofthe 4-chloro
isomer (79).

Ionization. Ionization of organic molecules is di-
rectly dependent on their electronic structure. Some
compounds, such as quaternary ammoniums (e.g., di-
quat, paraquat) are strong bases and always occur in
cationic form in soils and sediments. Accordingly, they
act as cations and are adsorbed by ion exchanges.
Other compounds are weak bases and weak acids;

their ionization depends on ionic composition of the liq-
uid phase, especially its pH. A basic characteristic of
these compounds is their pKa values, some examples of
which are given in Table 8. Weber (80,81) has used UV
spectrometry for the determination of such values. Tak-
ing into account the normal pH range of cultivated soils,
weak bases or acids may be ionized in appreciable
amounts if their pKa values are about 4.0 to 6.0. How-
ever, as pointed out by Feldkamp and White (53) and
further illustrated by Browne et al (82) and by Terce
(83), ionization of weak bases such as triazines is mod-
ified by an adsorbent phase. The reason is that the equi-
librium:

M++ H+ fi MH+ M = organic molecule (22)

is displaced toward the formation of MH+ as a result
of its adsorption. The amount of the adsorbed species
is thus greater than the amount that would be deduced
from the pKa values. This has lead Feldkamp and White
(53) to define an apparent pKa (Table 8).
The nature of functional groups has a marked influ-

ence on molecule ionization. For protonation of tria-
zines, examples have been given by Weber (80). On the
other hand, acid dissociation of monohydroxybenzene
derivatives increases with the electron withdrawal
power of the substituent in accordance with the Hamett
constant (84).
Partition Coefficients. As emphasized by Briggs

(85), important environmental properties are partition
coefficients: water solubility, organic solvent solubility,
bioconcentration, and soil adsorption. Any pair of them
should be related by a Collander equation of the form:

log K1 = alog K2 + b (23)

K1 and K2 are partition coefficients (a and b are con-
stants).

Table 8. Examples of pK. and pKa-eff values.

Type of molecule Compounds pKa pKa-eff
Weak base Atrazine 1.68 2.8 -6.9 (82)

Simetone 4.10 5.6 -6.15 (53)
Prometryne 4.05 4.78-5.32 (53)
Terbutryne 4.30
Atratone 4.20
Aminotriazole 4.17

Weak acid Picloram 3.50
2,4-D 2.64-3.31
2,4,5-T 3.14

These partition coefficients vary over a wide range
of values up to seven orders of magnitude, and they
could be useful to predict the behavior of organic chem-
icals in the environment. Relationships for bioaccumu-
lation have been reviewed by Esser (86). For adsorption
on soils and sediments, the works most frequently cited
are those of Karickhoff (32), and Karickhoff et al. (87),
Felsot and Dahm (23), Chiou et al. (20), Briggs (85,88),
and Hassett et al. (89). The corresponding relations be-
tween partition coefficients will be given later.
Water Solubility. Water solubility can be consid-

ered as a partition coefficient between water and the
solid compound. For organic chemicals, this character-
istic varies considerably, from a fraction of a microgram
to several grams per liter. Published results show that
definite relationships with adsorption are not always
clear.

Starting from a thermodynamic reasoning, Karickhoff
(32) derived a relation that he found to adequately de-
scribe adsorption data for hydrophobic compounds. In
addition, many other observations seem to confirm a
negative adsorption-water solubility correlation (90-
93). On the contrary, some experimental results do not
show any similar relationships. Such is the case of na-
propamide and bromacil (94), organophosphorus com-
pounds (95) and substituted ureas (77,96). Although ex-
perimental information does not allow a precise
conclusion to be drawn, it appears that the inverse re-
lation between water solubility and adsorption does not
hold systematically for polar compounds even though it
is probably a good working basis for weakly polar and
nonpolar molecules.
Partition Between Water and Organic Solvent.

Ward and Holly (97) have found the adsorption coeffi-
cients of triazines to be linearly related to water-
cyclohexane partition coefficients; however, the litera-
ture shows that the water-octanol partition coefficients
are the most widely used. This is based theoretically on
an analogy of interactions between organic solute and
octanol on one hand, and organic solute and soil and
sediment organic matter on the other hand. Such an
approach is only valid if the mineral constituents do not
play any important part in the adsorption process. In
addition, as pointed out by Brown and Flagg (98), ad-
sorbate dissociation, protonation, and chemical inter-
actions with surfaces may cause deviations from this
behavior. Many relations between adsorption coeffi-
cients and water-octanol partition coefficients have been
published; they will be given later.

Size ofAdsorbed Molecules. The size of a molecule
can be involved in adsorption through the molecular
volume and the surface area. The molecular volume is
related to water solubility and probably in some ways
to adsorption. This was confirmed by Lambert (15) for
adsorption of phenyl ureas. He observed a linear rela-
tionship between adsorption coefficients and the para-
chor. Hance (99) has also proposed a similar description,
introducing a modification to take into account the effect
of hydrogen bonds. In the same way, Karickhoff (32)
derived a linear equation, relating the logarithm of
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water-octanol partition coefficient to the parachor,
which includes a parameter depending on the chemical
structure.
The surface area is a basic characteristic of the Lon-

don-van der Waals dispersion interactions. From the
adsorption point of view, this was accounted for by mo-
lecular topology (74). The first-order connectivity index
is a parameter correlated with molecular surface area
and related to adsorption coefficients. Sabljic found this
to provide a better equation for the description of hal-
ogenated hydrocarbons adsorption on soils than the
water solubility and octanol-water partition coefficient
did.

Properties of Adsorbents
Properties of adsorbents and those of organic mole-

cules are complementary. Adsorption on soils and sed-
iments is due to mineral and organic constituents, and
it is often difficult to clearly separate their roles because
they are always associated. It is thus necessary to study
much simpler systems to obtain more precise informa-
tion about the adsorptive properties of the constituents.
This can be done by performing experiments either with
pure mineral or organic substrates or with fractions
extracted from the soil or the sediment. In the first case,
results are obtained for model surfaces and are useful
for the analysis of adsorption mechanisms. In the second
case, results concern, theoretically, the constituents as
they occur in the natural medium. Nevertheless, the
possible modifications resulting from the extraction pro-
cedures may lead to misinterpretations.
Mineral Adsorbents. The mineral adsorbents in-

volved in the adsorption process of organic chemicals
are clays, oxides, and hydroxides. Other minerals do
not appear to be efficient. For instance, Hudson-Baruth
and Seitz (100) observed no adsorption of phenol deriv-
atives on carbonates.

Clays and clay minerals certainly play a great part in
the adsorption of organic cations, but their importance
in natural systems for nonionic molecules is difficult to
assess. Some observations show that the effect of min-
eral fraction is only dominant in soils with high clay
content and low organic matter content (89,101).
CLAYS. The most studied clays are montmorillon-

ites, kaolinites, and illites, as far as adsorption is con-
cerned. They possess different adsorptive properties,
but no general rules can be set as to their relative ad-
sorption power (4). A possible reason for this is that
adsorbed amounts are generally small owing to low so-
lution concentrations encountered for organic chemi-
cals. Thus, adsorption is likely to occur on external sur-
faces of clay particles rather than in interlamellar space.
Of course, this is not necessarily the case for organic
cations. Interlamellar localization of organic molecules
is only observed with high solution concentrations and
frequently when adsorption takes place from organic
solvents [e.g., adsorption of phosmet by montmorillon-
ites (62)]. The S-shaped isotherms frequently observed
with montmorillonites could be a consequence of ad-

sorption on external surfaces, essentially on lattice
edges.

Adsorption on clay surfaces is mainly due to ex-
changeable cations. Some adsorption could also result
from interactions between organic molecules and OH
groups on the lattice edges and on basal planes (for
kaolinite), but there is no evidence for this in the lit-
erature.
Exchangeable cations may be involved in adsorption

in two ways. They may compete for negative charges
with organic cations, and they may behave as adsorption
sites. Competition was previously discussed. On the
other hand, adsorption of unionized molecules is prob-
ably essentially due to interactions with exchangeable
cations. As already mentioned, exchangeable cations
can participate in the bonding of organic molecules di-
rectly through dipole-cation interactions and coordina-
tion bonds and indirectly through their hydration water
and hydrogen bonds. It is well known that water mol-
ecules are highly polarized in the cation electric field
and may dissociate, thus allowing organic molecules to
be protonated (102). Accordingly, all degrees of hydro-
gen bonding are possible between no bond and a com-
plete ionization:

(Mcn+) O- H....M -* (Mcn+) O +HM+
H H
H H

no bond hydrogen bond

(24)
ionization

where Mc is a metallic cation and M an organic molecule.
Table 9 gives some observations about the influence

of exchangeable cations together with assumed adsorp-
tion mechanisms.

Anionic molecules are generally weakly adsorbed on
pure clays, as shown by Hamaker et al. (103) for pi-
cloram and by Haque and Sexton (31) for 2,4-D. Various
unionized molecules can be adsorbed on clay surfaces,
but highly hydrophobic compounds cannot, as observed
by Urano and Morata (104) for chlorinated organic mole-

Table 9. Effect of exchangeable cations (decreasing order of
adsorption).

Compounds
Linuron

Linuron

Monuron
Fenuron
Picloram

Atrazine
Organophosphorus

insecticides
Terbutryne
Metabenzthiazuron
Malathion

Glyphosate
Oxamyl
Dimecron

Effect
Fe > Co > Cu

> Ni > Ca
Al > Cu >
Ni > Mg
Al > Mg >
Ca> Na
Cu > Al >
Zn > Fe
Fe > Al > Ca
Fe > Ca > Na

Fe > Al > Ca
Al > Fe > Ca
Fe > Al > Cu

> Ca > Na
Al > Ca > Na
Ca > Mn > Cu>
Zn > Co > Ni

Type of bond
Coordination

Coordination

Hydrogen bond

Coordination

Coordination
Cation-dipole

Coordination
Coordination
Hydrogen bond

Coordination
Cation-dipole
Coordination

Reference
(184)

(185)

(12)

(4)

(186)
(95)

(186)
(186)
(64)

(117)
(55)
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cules brought into contact with montmorillonite and ka-
olinite clays.
OXIDES AND HYDROXIDES. Oxides and hydroxides

have been less extensively studied than clays. Their role
in adsorption has probably been underestimated be-
cause they are widespread minerals, even under tem-
perate climates, and they often have a high surface ac-
tivity.

Table 10 illustrates the effect of amorphous hydrox-
ides on clay adsorption of unionized and weak base mol-
ecules. Greater amounts of organic molecules are ad-
sorbed on the clay hydroxide complex as compared to
the clay alone. On the contrary, crystalline hydroxides
are less efficient except for anionic molecules. This is
clearly shown in Figure 12, where adsorption of pi-
cloram is represented as a function of pH (103). The
relatively high adsorption on aluminum and ferric ox-
ides, even at pH greater than 5.0 (pKa = 4.1), empha-
sized the role of Al and Fe cations in the adsorption
process.
Organic Adsorbents. Many works show that ad-

sorption of organic chemicals in soils and sediments is
often mainly due to organic matter. Several reviews
have been published on the subject (2,105,106).
Two main difficulties are encountered in the descrip-

tion of adsorption on organic matter. The first one comes
from the lack of a clear understanding of the structure

Table 10. Adsorption of several herbicides by Al-montmorillonite
and Al-hydroxide (186).

Al-montmoril- Al-montmoril-
lonite lonite + NaOH Al-hydroxide

Compounds qaa pH qa pH qa pH
Atrazine 0.37 6.0 2.70 7.4 0.50 6.2
Terbutryne 2.40 5.8 2.25 7.5 0.45 6.2
Methabenzthia-

zine 2.80 6.1 2.90 6.8 0.30 6.2
Diuron 0.08 6.0 0.43 7.3 0.20 6.2
Picloram 0.00 5.3 1.40 7.3 0.20 6.2

aqa = mole/gram.
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FIGURE 12. Adsorption of picloram on several adsorbents as a func-
tion of pH. Redrawn from Hamaker et al. (102).

and properties of organic constituents. From published
works, features such as carboxylic and phenolic groups,
aromatic structures are essential for describing adsorp-
tion of organic chemicals (107,108). In this field, an in-
teresting model of humic substances was recently pro-
posed by Wershaw (109) to account for their interactions
with hydrophobic pollutants. In this model, humic sub-
stances are viewed as molecular aggregates resembling
micelles or membranes where the inside is hydrophobic
and the outside is hydrophilic. Roles of other models,
such as those based on the concept of physically and
chemically protected humic substances have been dis-
cussed by Chassin and Calvet (110).
The second difficulty lies in the possible confusion

between real adsorption and chemical fixation. The lat-
ter leads to the retention of molecule through covalent
bonding, a quite frequent phenomenon (5,111-113). This
will not be discussed here because the review is limited
to adsorption.
Evidence for the Role of Organic Matter. Analyz-

ing many experimental results, Hamaker and Thomp-
son (2) stressed the role of organic matter by proposing
to refer adsorption coefficient to the soil organic carbon
content, or to the soil organic matter content. They
define new coefficients according to the formula:

K K
0 C

(25)
K K
-om OM

where OC and OM are the organic carbon and organic
matter contents.
These coefficients appear to be less variable for ad-

sorption of a given molecule; they are now widely used.
On a theoretical ground such coefficients imply that or-
ganic matter behaves in the same way with the same
thermodynamic characteristics whatever the soil and
that the adsorption isotherm is linear (32). Since these
two conditions are not always fulfilled, it is frequently
observed that K., values do vary within a factor of 2 to
10.
Many works have reported correlations between ad-

sorption coefficients and organic carbon (or matter) con-
tent. They will be given in the following section. Several
references can be found in Stevenson's paper (106) for
various compounds. Other references are Felsot and
Dahm (23) for organophosphorus and carbamate com-
pounds, Hassett et al. (21) for dibenzothiophene, and
Moreale and van Bladel (91) for some herbicides and
insecticides. Although these correlations demonstrate
the role of organic matter, they are not of general value
and have to be handled with care. The reason is that
the simple correlations with the organic carbon content
does not hold for all systems. Relevant to this limitation
are the observations of a) Hassett et al. (89) for a-
naphtol who obtained a good correlation when soil or-
ganic content was greater than about 1%; b) Reddy and
Gambrell (114) for 2,4-D and methyl parathion, who
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showed that organic matter is an important factor when
organic carbon content is greater than 0.5%; c) Weber
et al. (17) for fluridone, who had to take into account
both organic carbon content and clay content in order
to get good predictions; and d) Calvet et al. (4) who
concluded from published results that organic carbon
content should be greater than about 2% to obtain good
correlations for adsorption of some triazines and sub-
stituted ureas. Figure 13 gives two illustrations of the
adsorption-organic carbon content relationships.
Adsorption on Organic Matter Fractions. RE-

MOVAL OF FRACTIONS. It has been thought that it
would be interesting to study the possible role of organic
matter components by examining the effect of their re-
moval. This has been done sometimes with specific sol-
vents able to extract a given fraction (lipids, wax). How-
ever, the interpretation of results is not easy because
of the difficulty in making a clear distinction between
the actual effect on adsorption ofa fraction and the effect
of the solvent itself on the soil constituents. Some in-
dications may still be obtained, as shown in Table 11.
HUMIC SUBSTANCES. Humic substances are cer-

tainly the most efficient fraction of soil organic matter
as adsorbent for organic molecules. Possible binding
mechanisms are ion exchanges, hydrogen bonds, charge
transfers, and London-van der Waals dispersion forces/
hydrophobic effect. It is, however, difficult to attribute
a relative importance to each of them. It seems clear
that cationic molecules are principally adsorbed by ion
exchanges involving carboxylic and phenolic groups,
that highly hydrophobic molecules interact through a
London-van der Waals dispersion forces/hydrophobic
effect, and that the adsorption of neutral polar molecules
has not been fully described. Two types of studies have
been conducted to obtain more information about this.
The first type of study consists of blocking some func-

tional groups using appropriate chemical treatments.
Methylation procedures are applied with methanolic
HCI (to block COOH), diazomethane (to block COOH
and phenolic OH) and dimethylsulfate under alkaline
conditions (to block phenolic OH). Table 12 gives an
example of results which can be obtained.

Globally, blocking carboxylic groups and phenolic OH
entails a reduction of adsorption, but more detailed
interpretation may be misleading. As pointed out by
Stevenson (106), methylation procedures are not spe-

Table 11. Adsorption of several herbicides on Fe-
montmorillonite and Fe-hydroxide (186).

Fe-montmoril- Fe-montmoril-
lonite lonite + NaOH Fe-hydroxide

Compounds qaa pH qa pH qa pH
Atrazine 0.94 4.6 1.50 5.7 0.32 7.5
Terbutryne 2.50 5.0 2.40 5.8 0.29 7.5
Methabenzthia-
zuron 2.05 5.0 2.10 5.9 0.25 7.5

Diuron 0.11 4.9 0.25 5.7 0.20 7.5
Picloram 0.02 4.4 0.25 5.7 0.20 7.5

aqa = mole/gram.
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FIGURE 13. (a) Relationships between the adsorption coefficient and
the soil organic carbon content. Redrawn from Hassett et al. (88).
(b) Adsorption coefficient of atrazine (pumole adsorbed/,umole/mL)
as a function of the soil organic carbon content. After Walker and
Crawford (190).

cific enough because of the wide range of pK values of
acidic functional groups.
The second type of study relies on adsorption exper-

iments with model organic adsorbents. Although they
may be far from natural organic adsorbents, they are
interesting because they allow the adsorption proper-
ties of given sites to be easily studied. An example of
a model used for understanding humic substances prop-
erties is given by Chassin and Calvet (110). Figure 14
represents the adsorption isotherms of atrazine on a
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Table 12. Effect of the removal of various fractions of the soil
organic matter: adsorption of dinitroanilines (187).

Effect on
Treatments Fraction removed adsorption, %
Ether Wax, lipids + 22
Ethanol Resins + 34
Water Polysaccharides + 0.8
2% HCl Hemicelluloses + 30.2
80% H2SO4 Cellulose + 77
35% H202 Organic matter - 21.3
Na-dithionite Free Fe-oxides + 44

bicarbonate,
Na-citrate

Na-dithionite Free Fe-oxides, + 576.5
bicarbonate, organic matter
Na-citrate,
35% H202
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FIGURE 14. Adsorption of atrazine (A) on dehydrated (d) and non-
dehydrated (h) humic acid; (B) on cation exchange resin -numbers
refer to ionized fraction of COOH groups; and (C) on graphite.
From Chassin and Calvet (109).

humic acid (dehydrated or not) on a cation exchange
resin with various degrees of ionization and on graphite.
As carboxylic groups of the exchange resin are ion-

ized, amounts of adsorbed atrazine decrease markedly.
This shows that unionized COOH are involved in the
adsorption mechanism, probably by forming hydrogen
bonds. The adsorption isotherms on the nondehydrated

humic acid present two parts, one of the same general
shape as that observed for resin and disappearing upon
dehydration. According to Chassin (110), the dehydra-
tion treatment favors intramolecular hydrogen bonding,
and therefore decreases the number of available ad-
sorption sites. The second part of the adsorption isoth-
erm remains after dehydration and resembles the ad-
sorption isotherm on graphite. It was thus suggested
that adsorption of atrazine on humic acids is due to both
hydrogen bonds with unionized COOH groups and to
charge transfer complexes. The latter mechanism would
remain after the humic acid has been dehydrated. Such
a behavior is likely to occur in the soil, mainly in the
surface horizons.
Other uses of adsorbent models are those of Leenheer

and Ahlrichs (43), who observed that carbaryl and para-
thion were more adsorbed on hydrophobic resins than
on cation exchange resins, and those of Bouchard and
Lavy (115), who found no adsorption of hexazinone on
cellulose from water solutions, but found some adsorp-
tion with hexane solutions and polystyrene in water.
Some results are also given in Tables 13 and 14.

All these observations support the fact that adsor-
bents with high aromatic character are efficient toward
adsorption, even for polar compounds if these com-
pounds possess an aromatic ring.
Organic Matter in Soils. The characterization ofthe

different fractions of organic matter or of organic pol-
ymers that can be found in the soil is certainly an im-
portant step in better understanding of adsorption.
Characterization of the fractions is certainly not suffi-
cient because organic matter in soils undergoes various
biochemical transformations and is generally associated
with mineral constituents.

Table 13. Effect on the adsorption off atrazine of the removal of
different functional groups from humic acid (164).

Treatment Removed groups Adsorbed amount, %
0 100

-COOH; phenol
-C-C--C = C

11
Diazomethane 0 OH 27

-N-C-,O-C-COOH
11

H O H
All groups

Dimethylsulfate except COOH 54
Ca-acetate -COOH 14

Table 14. Freundlich adsorption constants for three herbicides
on various organic adsorbents (188).

Trifluraline Triallate Diallate
Adsorbents K n pH K n pH K n
Cellulose 56 1.00 6.1 21 0.96 6.3 38 0.80
Cellulose triacetate 1000 1.38 4.4 190 1.06 4.6 195 0.73
Active carbon 115000 1.51 9.4 65000 1.45 9.6 350000 1.58
Peat 13500 1.41 3.8 710 0.94 4.0 1080 0.67
Wheat straw 830 1.04 6.00 365 1.04 6.2 530 0.68

ni .4
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Examples of the consequences of such processes are
given in the following tables. Table 15 shows the change
of adsorptive properties due to humification of some
organic materials. The change occurs in a way that de-
pends strongly on both the chemical structure of the
organic molecule and the type of plant tissues. In Table
16 several results concerning the effect of associations
between humic acids and clays are presented. They
clearly demonstrate the nonadditivity of adsorbent
properties.

Characteristics of the Liquid Phase
Ionic Composition. Ionic composition may have an

influence on adsorption through the pH and the amount
of mineral ions in solution.
EFFECT OF PH. Effects of pH have been studied in

many works. They are schematically represented in
Figure 15. Curves A of Figure 15 can be observed in
three situations:

a) Adsorption of weak bases on negatively charged
adsorbents as triazines on montmorillonites (53,116) and
benzidine on soils (56). The explanation lies simply in
the effect of pH on molecule protonation. As pH de-
creases, the proportion of protonated molecules (thus
of organic cations) increases and so does adsorption by
cation exchanges.

b) Adsorption of weak acids as neutral molecules on
negatively charged adsorbents. Examples are adsorp-
tion of picloram on various adsorbents (28,103), adsorp-
tion of bromacil on soils (16), and adsorption of gly-
phosate on several mineral adsorbents (117). In these
situations, the proportion of neutral molecules increases
as pH decreases, resulting in an increased adsorption.

c) Adsorption of neutral molecules on adsorbents
whose surface properties are modified in acid media.
Two examples are relevant to this case. The first deals
with adsorption of metabenzthiazuron on Ca-montmo-
rillonite, with the binding of the molecule probably due
to complexation with Al cations that are removed from
the clay lattice under acid conditions (118). The second
concerns the adsorption of atrazine on a cationic ex-
change resin within a pH range where the molecule
remains neutral (110) (Fig. 14).
Curves B of Figure 15 are generally observed with

weak bases (54,116,119,120). The pH corresponding to
the adsorption maximum is sometimes nearly equal to

the pKa of the molecule. It is not a general rule, as
shown by Calvet et al. (4) from published values. The
interesting point is the decrease of adsorbed amount
below a given pH. This behavior can be attributed to a
competition for adsorption sites between protonated
molecules and H+ and/or Al3" ions. It can also be due
to the repulsion of protonated molecules by preventing
the formation of a complex. Oxamyl and dimecron ad-
sorption on montmorillonites may be explained in this
way (55).
Curves C of Figure 15 correspond to an increased

adsorption with increasing pH. They are observed with
weak bases that are essentially adsorbed as neutral mol-
ecules. This occurs for instance when molecules are ad-
sorbed through London-van der Waals dispersion forces
hydrophobic effect as for adsorption of simazine and
atrazine on active charcoal (121). Curves C are also
observed when molecules are bonded by complexation
with a metallic cation as for terbutryne on Al-mont-
morillonite (122). In the latter case, protonated mole-
cules are not able to compete with Al-cations and thus
to be adsorbed. When interpreting the effect of pH on
adsorption, one must be aware that pH variations can
influence the solute molecule as well as the adsorbent.
EFFECT OF THE NATURE AND CONCENTRATION OF

MINERAL CATIONS. Several results have been re-
ported previously by Calvet et al. (4). Examination of
published data shows that for neutral molecules, in-
creasing ionic force above unity increases adsorption.
When ionic force is below unity no general trend was
observed. Data also show that for cationic molecules,
increasing ionic force causes a reduction of adsorption
as a result of cation competitions for adsorption sites.
Presence ofan Organic Solvent. Adsorption of or-

ganic pollutants from mixed aqueous solvent solutions
is interesting from two points of view. First, it may be
useful to assess the behavior of hydrophobic compounds
in soils and waters. Second, it may provide a nice tool
for analysis of adsorption mechanisms. This was re-
cently emphasized by Rao et al. (70) in a study of hy-
drophobic compounds from solvent mixtures. In such a
case, varying the solution composition entails variations
of solute solubility and adsorption on hydrophobic sur-
faces. This can be explained on the basis of solvophobic
theory.

In addition, it was shown that solvent mixtures ap-
pear to be useful for the study of polar molecules. For

Table 15. Adsorption constant of several compounds on various organic adsorbents: K (mL/g) (189).

Adsorbents Carbendazim Fluometuron Trimefon Nuarimol Tliarimol Fenarimol SD, p = 0.05
Pepper lignin 700 813 1122 1288 2691 2300 46.6
Cotton lignin 800 400 513 537 1349 1100 37.7
Pine lignin 590 160 224 270 457 660 24.7
Cellulose 4 6 6 7 20 20 2.7
Ethylcellulose 36 70 78 73 96 102 14.6
Protein (BSA) 7 8 8 125 203 211 11.9
Pblygalacturonic acid 0 0 0 0 0 0 0
SD, p = 0.05 21.3 17.1 19.9 18.7 31.2 28.9
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Table 16. Example of variations of adsorption properties due to the organic matter evolution (4).

Evolution of plant materials
incorporated into a soil

Evolution of a peat Linear adsorption coefficient
Freundlich coefficients Wheat straw Lucern

State Linuron Diuron Terbutryne Diuron Terbutryne
Initial Kf = 24 nf = 0.922 9.3 20 8.3 36
Humified materials Kf = 297 nf = 0.671 16.3 28 6.0 8

Amount adsorbed

pH

FIGURE 15. Possible variations of adsorbed amounts as a function
of pH.

instance, Calvet and Terce (123) were able to describe
the role of water molecules in atrazine adsorption on
Al-montmorillonite and ascribe the binding mechanism
to the formation of hydrogen bonds with hydration
water molecules of Al cations.

Water Content of Adsorbing Medium
Under natural conditions, adsorption of organic mol-

ecules often occurs in water-unsaturated media. Soil
water content is thus a factor that has to be taken into
account since it can influence the amount of adsorbed
compound. When adsorption takes place directly from
the gas phase on the adsorbent surface, binding sites
may be inaccessible if they are covered with water. In
this case, the amount of adsorbed molecule decreases
as soil water content increases, as shown by Arvieu
(124) for methyl bromide adsorption on a sandy soil (Fig.
16) and by Call (125) for adsorption of ethylene.
The effect of soil water content on adsorption from

the liquid phase has been less studied, probably because
experiments are difficult to design. It has been reported
that adsorption coefficients increase as water content
decreases. This was noted by Yaron and Saltzman (126)
for parathion adsorption from hexane solutions, by
Hance (127) for atratone and monuron adsorption from
2,2,4-trimethylpentane solutions and van Bladel and
Moreale (128) for adsorption of aniline from benzene
solutions. Interpretation of such results is not easy,
because it is difficult to separate the role of water mol-
ecules and the role of solvent-adsorbent interactions.

FIGURE 16. Adsorption of methylbromide on a sandy soil (0) and
equilibrium water vapor pressure (e) against the volumetric water
content of the soil. K in (mole/kg)/(mole/L air). From Arvieu (122).

The water content of an adsorbing medium must also
be taken into account for laboratory measurements
where adsorption is determined using adsorbent sus-
pensions. This will be discussed later.

Evaluation of Adsorption
The evaluation of adsorption presents two aspects:

the determination of amounts of adsorbed solute and
the prediction of adsorption behavior. The first is a nec-
essary step in adsorption studies for obtaining adsorp-
tion curves. The second corresponds to the need of peo-
ple interested in environmental problems and wishing
to estimate the fate of a given chemical brought into
the soil or aquatic systems. Since experimental char-
acterization of adsorption is time consuming and re-
quires well-equipped laboratories, there has been a
growing need for convenient tools during the past dec-
ade. Several relationships have been proposed to ex-
press adsorption coefficients as a function of various
parameters that are easy to evaluate.
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Measuring Adsorption
Batch Adsorption Measurements. Batch measure-

ments are certainly the most frequently used procedure
in adsorption studies. A given amount (m) of adsorbent
is mixed with a given volume (V) of a solution of known
concentration (C.). After an appropriate time deter-
mined from kinetic data, the solid and the liquid phase
are separated, and the bulk solution equilibrium con-
centration (Ce) is measured.

Separation of the solution is generally obtained by
centrifugation, but other techniques have been used
sometimes. Burns et al. (19), Savage and Wauchope
(129), Hance and Embling (130) have employed the ex-
traction membrane apparatus that is commonly used in
soil physics to determine characteristic water retention
curves. This could be convenient for the study of the
water content effect on adsorption. The difficulty comes
from the low collected volumes of solution and from a
possible undesirable adsorption on the microporous
membrane. Gel filtration is also a means for separating
the equilibrium solution. It was applied first by Khan
(131) and Burns et al. (19) and more recently by Madhun
et al. (132). This technique seems to be convenient for
humic and fulvic acid studies. Some conditions must be
fulfilled to yield reliable results: no equilibrium modi-
fications due to gel filtration; no interaction between the
gel matrix and the adsorbent; and the gel porosity must
allow a good separation of adsorbed and free solute.
These conditions probably limit the use of this tech-
nique.

Filtration of suspension using filter paper disks in
hypodermic syringes (133) or microporous membranes
(134) are other techniques.
Once the solution concentration is obtained, amounts

adsorbed are simply calculated with the following for-
mula:

V(Co - Ce)
m (26)

Units of q depend on the units used for CO and Ce and
it is necessary to be careful in comparing data from
different authors and paying attention to the units used.
To facilitate the comparisons between different works,
Bowman (135) suggested to express experimental re-
sults in mole per gram.
Flow Experiments. Adsorption data can also be de-

termined from breakthrough curves obtained when a
solution flows through a column of an adsorbing porous
media. The procedure is not straightforward, as the
corresponding mathematical formulation is complex and
difficult to use without computers.
By assuming instantaneous equilibrium, linear iso-

therm, no hysteresis, and no liquid stationary phase, it
is possible to evaluate approximately the adsorption
coefficients from elution curves (136).
Factors Influencing Adsorption Measurements.

Several factors may have an influence on adsorption
measurements, and it is worth examining their mode of
action. They can be classified into three groups: inter-

fering phenomena, pretreatments of adsorbing mate-
rials, and the solid-phase concentration in suspension.
INTERFERING PHENOMENA. The calculation of ad-

sorbed amounts described above implies that only ad-
sorption is causing the decrease of solute concentration
in the liquid phase. However, several phenomena may
interfere and produce erroneous data.

Degradation. Degradation of organic chemicals may
be due to chemical decomposition or to biological trans-
formations. It is known, for instance, that clays and
humic substances favor the hydrolysis of atrazine (105).
Modifications due to adsorption can influence adsorption
and desorption. An interesting illustration is given by
Koskinen et al. (137) for 2,4,5-T adsorption desorption
studies on soils. They observed that biodegradation
could partially account for the apparent hysteresis as
shown by measurements of CO2 evolved during the ex-
periment. This was further confirmed by performing
studies under N2 atmosphere to prevent aerobic trans-
formations (138). Apparent hysteresis reduction ob-
tained when degradation is taken into account is illus-
trated in Figure 17.
Adsorption on Glass. Adsorption on glass was noted

by Bowman and Sans (139) for organophosphorus com-
pounds, and especially for dieldrin, and by Russel and
McDuffle (140) for phthalate esters. This is an oppor-
tunity to say that any material which may be brought
into contact with the organic chemicals under study
must be tested for its adsorption properties.

Volatilization and Precipitation. These phenomena
are likely to occur with solutes having high vapor ten-
sion and very low solubility, respectively. The former
is more easy to control than the latter, but undoubtedly
they can seriously complicate experiments. An example
of precipitation is given by Shin et al. (141) for adsorp-
tion of DDT on various adsorbents.
PRETREATMENTS OF ADSORBING MATERIALS. Sev-

eral pretreatments are frequently applied to adsorbing
materials. The main objectives of these pretreatments
are to separate some fractions or to limit the possible
biodegradation of added chemicals by sterilization.
Measuring adsorption on particle size separates may

lead to very different characteristics from those cor-
responding to the whole material. Karickhoff and Brown
(142) have studied adsorption of paraquat on particles
of different sizes separated from sediments. They found
the clay fraction to be more effective and the adsorbed
amounts to be correlated with the exchange capacity of
individual size fractions (Fig. 18).
A similar situation was reported by Nkedi-Kizza et

al. (143) for diuron and 2,4,5-T adsorption on soils. They
found that adsorbed amounts were closely related to
the organic carbon content of the fractions. These two
examples show that one must be aware of the possible
consequences of a granulometric separation of a soil or
a sediment material.
Because degradation could be misleading, it could be

advisable to sterilize the adsorbents. Sterilization is
most frequently achieved by autoclaving. This treat-
ment has been observed o decrease the amounts of
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2,4,5-T adsorbed on soils (137). Calvet and Lefebvre-
Drouet (144) have also studied this effect on atrazine
adsorption on several soils. They found that Freundlich
parameter Kf decreases and nf increases upon heating
and that the higher the organic carbon content, the
greater the modification. The maximum change as com-
pared with untreated soils was 30% for Kf and 20% for
nf. These variations are negligible if one needs an order
of magnitude, but they are not for mechanism studies.

SOLID-PHASE CONCENTRATION. According to sev-
eral observations, solid-phase concentration may affect
the adsorption; the smaller the concentration, the
greater the adsorbed amount per unit mass adsorbent.
This was shown with soils as adsorbing materials by
Grover and Hance (145) for linuron, Koskinen and
Cheng (146) for 2,4,5-T, Bowman and Sans (139) for
organophosphorus compounds and Calvet and Lefebvre
(144) for atrazine. With dilute suspensions of montmo-
rillonite and kaolinite, atrazine and terbutryne adsorp-
tion are also dependent on clay particle concentration
(83). This may be explained either in terms of effect of
water on the solid phase or in terms of adsorption mech-
anisms.

Diluting a suspension of particles increases both the
destruction of microaggregates and the solid-water in-
terface area, thus favoring adsorption (145). Another
explanation lies in the possible modification of the equi-
librium between free protons and protonated molecules
causing an increase of adsorption as shown by Terce
(83) for terbutryne-montmorillonite systems.
For hydrophobic compounds, Mackay and Powers

(147) suggested that the particle concentration effect
has to be explained on the basis of adsorption mecha-
nism. Hydrophobic molecules do not interact strongly
with solid surfaces and enhanced desorption may result
from solid particle collisions. Since their number in-
creases with particle concentration, adsorption also de-
creases.

Prediction of Adsorption Coefficients
Many relations have been obtained from both exper-

imental and theoretical considerations. They concern
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various parameters characterizing the adsorbent phase
as well as the solute.
Relations with Soil or Sediment Composition. The

most frequently used parameter is the organic matter
content (or the organic carbon content), which appears
to be well correlated with the linear adsorption coeffi-
cient. On the contrary, this is not the case for the clay
content. Table 17 lists some published relations.
A general trend appears clear-the increase of ad-

sorption with the organic matter content. This infor-
mation, however, is not very useful for the description
of mechanisms. For prediction purposes these relations
are doubtful because they are essentially specific for a
molecule or a group of molecules. In addition, it is also
likely that such relations only hold within a series of
similar soils.
Relations with Partition Coefficients. Bases for

the use of partition coefficients have been given in the
portion dealing with adsorption mechanisms. Tables 18
and 19 give some relations collected from literature for
water solubilities and water-octanol partition coeffi-
cients, respectively.

Ko0 and Kom certainly increase as water solubility
decreases according to the quoted relations. Further-
more, it appears that their parameters are not too var-
iable from one relation to another so that a possible
unique equation could be proposed for approximate pre-
dictions. The same comments hold for the relation with
Kow.
Relations with Structural Parameters. Three

kinds of parameters have been related to adsorption
coefficients: charge transfer parameters: Hansh con-
stant, and charge transfer constant (78); molecular vol-
ume, which is accounted for by the parachor used by
Lambert (15) for substituted ureas. Other authors have
introduced some corrections in order to take into ac-
count the role of hydrogen bonds (99), or the nature of
the chemical structure (85); molecular surface area,
which is correlated with the first-order connectivity in-
dex. This index has been shown to allow a good pre-
diction of adsorption coefficients (74). All of these pa-
rameters have been used in several relations, some of
which are listed in Table 20.

Consequences of Adsorption
Composition of the soil solution and of the soil at-

mosphere is greatly influenced by adsorption/desorp-

tion. As a consequence, these phenomena influence
transport, degradation, and biological activity of or-
ganic chemicals; thus they play an important role in
their environmental fate.

Influence of Adsorption on Transport
Since the mobility of adsorbed molecules is very low,

the transport of chemicals in soils and sediments only
occurs in the fluid phase. Thus, from a general point of
view, the mass transport of chemicals decreases as ad-
sorption increases. In water-unsaturated soils, the rel-
ative contribution of the transport in the gas phase and
the transport in the liquid phase depends on the par-
titioning of the compounds between the two phases.
Fumigants and compounds having a high vapor tension
are significantly transported in the gas phase. Descrip-
tions of the influence of adsorption on gaseous molecular
diffusion have been given by Graham-Bryce for disul-
foton (148) and by Bode et al. for trifuralin (149).
Numerous works on solute transport have been pub-

lished, and many references are reported in the reviews
mentioned earlier. Experimental results for various
compounds show a close relation between the depth of
leaching and adsorption coefficients. Table 21 gives a

schematic view of this relation. Although the reported
values are only approximative, it is apparent that ad-
sorption is an important factor for mass transport.

Several theoretical studies have been developed and
have lead to more or less complete descriptions of solute
transport in soils and model porous media. However,
they do not provide practical tools because of their com-
plex mathematical formulation, and because they are
often derived for simplified initial and boundary con-
ditions, as compared to field conditions. Nevertheless,
they are useful to soil scientists since they emphasize
the need for detailed knowledge about adsorption-
desorption processes. Also they give a theoretical
framework for the description of transport. Examples
of adsorption-transport modeling can be found in the
publications of van Genuchten (25), Leistra and Dekkers
(37), Leistra et al. (150), and Bromilov and Leistra (151).

Simplifications have been introduced to obtain models
providing approximate descriptions of the fate of chem-
icals in natural systems. Such is the case of a recent
model proposed by Jury et al. (152), who considered all
the involved phenomena with simplified formulations.
For instance, adsorption is described with linear iso-

Table 17. Adsorption of atrazine and terbutryne on Ca-humate, Ca-montmorillonite complexes (4).

Adsorbents Adsorption coefficients
Herbicide Montmorillonite, % Humate, % pH K n

100 0 7.8 11.7
Atrazine 0 100 7.4 59.0

85 15 7.6 14.0
100 0 3-3.2 0.011 2.74

Terbutryne 0 100 3-3.2 0.71 0.90
75 25 3-3.2 0.38 1.51
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Table 18. Examples of relations between the adsorption constant
and the soil organic matter (or carbon) content.

Compounds n Relations Reference
Acetophenone 14 K = 0.04 + 0.32 (OC%) (101)
Dibenzothiophene 14 K = 0.1123 (OC%) (21)
Atrazine 74 K = (0.5+0.4) + (4)

(0.6 ± 0.2) (OM%)
Simazine 25 K = (3.7+0.4) + (4)

(1.6±0.4) (OM%)
Diuron 12 K = (0.4+0.4) + (4)

(11.0 ± 0.6) (OM%)
Dibromoethane 22 K = 12.81 + 2.75 (OM%) (125)
Fluridone 18 K'= - 0.004 + 0.007 (17)

(% Clay) + 0.029 (OC%)
Chlortoluron 9 K = 0.06 + 0.62 (OM%) (88)

an = number of observations. K in mL/g; K' in mmole/kg; OC,
organic carbon; OM, organic matter.

Table 19. Examples of relations between adsorption coefficient
and water solubility.a

Compounds Relation Reference
a-Naphtol log Ko, = 4.273-0.686 log S, (89)
Various compounds log K'om = 2.75-0.45 log S, (91)
Aliphatic aromatic logKom = (4.040 ± 0.038) (20)

chlorinated compounds - (0.557±0.012) log Sw
Cyclic aliphatic log Ko, = - 1.405-0.921 log X8W (32)

aromatic compounds - 0.00953 (mp, 25)
Various pesticides log K. = 3.8-0.561 log Sw (92)

aK?om, mean values over several soils; Sw, water solubility; X8w,
factional solubility; mp, melting point.

Table 21. Examples of relations between the adsorption
coefficient and some molecular parameters.

Parametersa Relations Reference
Hansh constant, fr log K = 0.59 + 0.31 rr (78)

Transfer constant, + 0.84 CT 4°C pure water
CT

First-order log Kom = (0.55 ± 0.02) X (74)
connectivity index, X + (0.45 ± 0.12)

Parachor P log K = (P - 45N) 0.0067 (99)
Hydrogen bond, N - 0.65

Parachor P solubility log K = 0.915 log K,c (23)
Sw organic carbon - 1.397 log Sw
content - 0.031P + 25.108

Parachor P log Kw = 0.0062(P - 100n) (85)
chemical structure, n + 0.41
aN, number of sites in a molecule that can participate in the for-

mation of hydrogen bonds; n, parameter that depends on the chemical
structure; this expression may be used in relations given in Table 20.

Table 22. Relation between leaching and adsorption; log K,w
corresponds to K for two soil organic matter contents (88).

Maximum leaching, log K,w log K,w
K 25-cm rainfall 1% OM 2% OM
0.1 Most below 20 cm 0.6 -0.3
0.5 Down to 20 cm 1.9 1.0
1 5-10 cm 2.5 1.6

10 Little below 5 cm 4.4 3.5
100 No significant leaching 6.3 5.4

where
Table 20. Examples of relations between the adsorption
coefficient and the octanol-water partition coefficient.a

Compounds Relations Reference
Substituted ureas log Kom = 0.69 (85)

simazine + 0.52 log K,w
Propizamide and K,,c = 0.619 + 6.69 log K,w (76)

derivatives
a-Naphtol log K,,, = - 0.317 + log Ko, (89)
Triazine, p-toluidine log K,,, = - 0.006 (98)

+ 0.937 log K,,
Bromacil, diuron log K,,, = - 0.40 (93)

chlortoluron + 1.23 log Ko,
Aromatic chlorinated log Kc = - 0.779 (190)

compounds, PCB + 0.904 log K,w
Aromatic log Ko, = - 2.53 (191)

hydrocarbons + 1.15 log K,,
Various pesticides log K,m = 4.4 + 0.72 log K,, (92)

aK,,, octanol-water partition coefficient.

therms without hysteresis and expressed with Ko0 coef-
ficients. As was shown by several simulations, the model
provides a convenient tool to classify organic compounds
according to the main features of their behavior
(153,154). So, mass transport is evaluated using a pa-
rameter called the convective time t,, defined by the
authors as:

t _ (PbfocKoc + e + aKH)L (27)

Pb bulk medium density
foc fraction of organic matter
e volumetric water content
a
KH
iw
L

volumetric air content
Henry's Law constant
water flux
distance corresponding to tc

Therefore, the convection time and the adsorption
coefficient are linearly related. Table 22 gives some cal-
culated values for a transport distance of 10 cm.
The model proposed by Jury et al. could probably be

useful for screening procedures. Furthermore, it pro-
vides a general picture of the fate of a given chemical
in natural environments, at least as a first approxima-
tion.

Transport of adsorbed solute may also occur when
adsorbing particles can be displaced; such is the case
under two circumstances. The first is the vertical mi-
gration of dispersed clays in the soil profile, which has
been shown to induce the transport of adsorbed para-
quat and DDT (155). The second circumstance is the
surface runoff, which may be responsible for some mass
transport of chemicals. Reported observations show
that amount of solute transported through particle
movements are small. Nonetheless, this type of trans-
port should be taken into account in highly fissured soils
such as vertisols.
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Effect of Adsorption on Biological Activity
It is well known that herbicide doses that are applied

in soils with high organic matter content are higher than
the normal application rates. The reason is that herbi-
cide concentration in the soil solution, and thus herbicide
bioactivity decreases as adsorption increases. Most of
experimental results deal with herbicides because ex-
periments are easier to execute with plants than with
other living organisms.

Figure 19 gives two illustrations of bioactivity-
adsorption relationships. The first represents the re-
lationship between the herbicide-induced inhibition of
chlorophyll production by green algae (chorella) as a
function of adsorption coefficients measured in various
soils (144). The second shows the influence of soil organic
matter content on the dose rate of trifluralin required
to produce 90% reduction in fresh weight of wild oat
plants (156).

Field experiments concerning the effect of adsorption
on bioactivity are quite rare, so it is difficult to extra-
polate laboratory and greenhouse studies. Only some
qualitative correlations have been observed between
adsorption and bioactivity in the field. Examples are
the reduction of weed control by several herbicides
when organic matter is added to the soil (157) and the
negative correlation between the antifungal activity of
carbendazim against Rhizoctonia solani and soil clay
content, organic matter content, and CEC (158). Never-
theless, the effect of adsorption shows a general trend,
whatever the nature of the living organism under con-
sideration. The greater the adsorption, the smaller the
bioactivity because the amount of a chemical able to be
absorbed is fixed by the composition of the gas and the
liquid phases, depending on its distribution between the
soil atmosphere or the soil solution and the solid phase.
However, works on bioactivity-adsorption relation-

ships are not very numerous in spite of the importance
of the subject. Two questions remain without satisfac-
tory answers: Are the adsorbed molecules potentially
bioactive? In other words, are adsorbed molecules de-
graded on the surface of soil constituents? Effectively,
for some chemicals, adsorption may lead to transfor-
mations, resulting in the disappearance of the bioactiv-
ity for instance, the hydrolysis of triazine herbicides.
The second question concerns the bioavailability of ad-
sorbed molecules, which certainly depends strongly on
the kinetics of desorption and the possible presence of
a hysteresis phenomenon. Nothing can be said about
this subject, as no relevant data can be found in the
literature. This represents an interesting subject for
future research.

Adsorption and Degradation of Organic
Chemicals

Degradation of organic chemicals in soils and sedi-
ments may be due to chemical and biological transfor-
mations. Since the causes of these phenomena are dif-
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FIGURE 19. (a) Relation between the dose of atrazine producing a
50% reduction of chlorophyll production by green algae and ad-
sorption coefficient. From Calvet and Lefbvre-Drouet (142). (b)
Effect of organic matter on the dose of trifluralin producing a 90%
reduction in weight of wild oat plants. From Moyer (152).

ferent, the effect of adsorption on degradation is
variable, depending on the nature ofthe transformation.
Effect of Adsorption on Chemical Degradation.

Chemical degradation can take place either in the soil
solution or in the adsorbed phase. Several observations
show that adsorbents such as clays and humic acids are
able to catalyze some transformations mainly through
two mechanisms: free radical reactions and protonation-
hydrolysis reactions. The first mechanism was reviewed
by Dragun and Helling (159), who examined 93 com-
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pounds. They proposed a classification of chemicals into
four groups according to the chemical structure and
water solubility, which was thought to be related to the
compound reactivity. The second mechanism was stud-
ied by several authors on the basis of results showing
the enhanced proton activity of adsorbed water (160).
It was shown that aliphatic and aromatic amines are
transformed at the surface of montmorillonite particles,
resulting in the formation of ammonium ions and hy-
droxylated compounds (161).

Triazine molecules are also degraded through a pro-
tonation-hydrolysis mechanism, as described by Brown
and White (52) and Cruz et al. (162). Assumed reactions
are represented in Figure 20 together with infrared
spectra obtained for triazine-soil systems. The absorp-
tion band that develops at about 1750 cm-1 corresponds
to C=O groups vibrations and clearly demonstrates the
hydrolysis of adsorbed triazine molecules. Other chem-
icals such as organophosphorus compounds may also be
degraded on clay surfaces (163).
Humic and fulvic acids have been observed to favor

the hydrolysis of triazine molecules (164). In a recent
study, Gamble and Khan (165) obtained experimental
results that improved the knowledge of the mechanism
ofhumic substance catalytic action. They attributed this
action to the hydrogen ions and to the undissociated
carboxyl groups.
Effect of Adsorption on Biological Degradation.

Adsorption-biological degradation relationships are
more difficult to describe because observations are
sometimes contradictory. Adsorption on clays decreases
the rate of degradation, as shown by Soulas (166) for
atrazine. This is probably due to the inaccessibility of
adsorbed molecules to enzymatic systems produced by
soils microorganisms.

Effect ofadsorption on organic matter is more difficult
to assess because two types of results are often re-
ported, as shown by information presented in Table 23
(167). On one hand, organic matter behaves as an ad-
sorbent and thus it reduces the rate of degradation. On
the other hand, organic matter acts as a nutritive sub-
strate for microorganisms and favors the degradation.
Effect of adsorption on organic chemicals in soils is dif-
ficult to predict since several phenomena can interfere
in a complex way.

Concluding Comments
Are experimentally determined adsorption coeffi-

cients useful for understanding the behavior of organic
chemicals in natural systems? A definite answer cannot
be given today, but a partial one can be proposed from
the analysis of laboratory conditions, as compared to
field conditions.
Most experimental results have been obtained with

suspensions as adsorbing media. In such situations, soil
or sediment materials are more or less dispersed in an
aqueous phase as either microporous aggregates or non-
porous particles. Aggregates are made of clays, metallic

a
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FIGURE 20. Triazine hydrolysis; assumed reactions (a) and observed
infrared spectra (b). From Cruz et al. (160).

oxides and hydroxides, and organic polymers (often es-
sentially humic substances) associated together. Non-
porous particles are frequently formed by dispersed
clays. On the contrary, in the field, soils are structured
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Table 23. Some calculated values of the convection time
according to Jury et al. (154).

Compounds
2,4-D
Carbofuran
Nitrobenzene
Atrazine
Prometryne
Lindan
Triallate
Parathion
Phenanthrene
DDT

KocS
mg3/kg

0.02
0.028
0.071
0.16
0.61
1.30
3.60
11.00
23.00

240.00

tc,

days
6
8
15
31
105
222
611
1800
3884

41000

Table 24. Effects of organic matter on degradation (167).

Effect attributed
Compounds to organic matter Cause
Monuron Increase Increase
TCA of microbiological
Chlorprophame activity
Naptalame
2,4-D
Monuron Increase
Linuron
Diphenamide
Picloram Decrease Adsorption
Atrazine
Diuron
Paraquat
Dalapon No effect
Linuron

porous media, and adsorbing surfaces constitute the
walls of micropores and macropores. What are the dif-
ferences between these two situations as far as adsorp-
tion is concerned? One can tentatively answer by con-
sidering two points of view: that of surface properties
and that of surface accessibility.

In suspensions, surface properties may be modified
in two ways. First, the dissolving action of water causes
the passage in solution of mineral salts and hydrosoluble
organic compounds. Second, in very dilute suspensions,
the electric charge of solid surfaces may vary with the
ionic composition (ionic force and pH) of the liquid
phase. As a result, adsorbing surfaces cannot be strictly
the same in suspension as they are in the field. Unfor-
tunately, one is limited to speculations because there
are no observations relevant to this question. A possible
avenue for future research would be to design experi-
ments allowing adsorption characteristics to be deter-
mined for porous adsorbent media.

Accessibility of adsorbing surfaces is of course dif-
ferent in suspensions as compared to the field and this
may greatly modify the kinetics of the adsorption pro-
cess. In a structured, porous medium such as soil, the
liquid phase has roughly two parts: one is mobile and
the other is immobile. Transport and thus accessibility
to the surfaces of macropores depend on both mass flow
and molecular diffusion for the mobile phase. On the
contrary, accessibility of surfaces of micropores is only

controlled by molecular diffusion in the immobile phase.
As briefly discussed earlier, this situation is complex
and difficult, but it is more realistic. In suspensions, the
adsorbing surfaces at the periphery of particles or ag-
gregates are readily accessible. The other fraction of
the surface at the walls of micropores in aggregates,
although less accessible, may probably be attained
rather rapidly because the size of aggregates is gen-
erally small (< 100 ,um). Thus, the kinetics of the ad-
sorption process (transport + adsorption) are certainly
different in suspension, as compared to the field. This
analysis strongly supports the need for simultaneous
studies of adsorption and transport in adsorbing media
having the same structure or nearly the same as that
of the soil in the field.
Are adsorption and desorption isotherms useful? The

answer is certainly "Yes," but it is worth specifying
clearly which uses of equilibrium and kinetic character-
istics are valuable. These characteristics allow under-
standing of the mechanisms of adsorption and lead to
detailed descriptions. They are necessary for any gen-
eralization based on satisfactory physical data. Al-
though there are many results concerning various or-
ganic chemical-adsorbent systems, knowledge of the
mechanisms of solute surface interactions is often lim-
ited to hypothetical descriptions. As pointed out by Bur-
chills et al. (6), it would be advisable to study model
systems allowing unambiguous interpretation. Fur-
thermore, adsorption isotherms may have another ap-
plication; they also provide a means for the study of soil
and sediment constituents. However, a direct utilization
of adsorption data specifying the characteristics of
transport in the field is generally not possible. To do
this, it is safer to correlate adsorption coefficients with
the transport characteristics in natural situations. But
this does not provide a complete description of trans-
port-adsorption processes.
What about the correlations between adsorption coef-

ficients and parameters such as the organic matter or
organic carbon content, water-octanol partition coeffi-
cients, and water solubility? At first, it is necessary to
recall the assumptions underlying the derivation of
these relations: Adsorption isotherms are linear. That
is to say that adsorption coefficients are considered as
water-solid surface partition coefficients. The London-
van der Waals dispersion forces/hydrophobic effect is
the main adsorption mechanism. Interactions between
solutes and solid surfaces and between solute and oc-
tanol are similar.
As previously discussed, it has been shown that these

assumptions are not verified in many systems. There-
fore, it would be safe to use these correlations with care
because they are essentially pertinent for the systems
where they are obtained, and extrapolations are not
necessarily justified. These correlations should only be
taken as operational tools to obtain rough evaluations
of adsorption coefficients. The question is whether it is
always sufficient to have a prediction within a factor of
2 to 10 or ifsome situations require more accurate values
to be described adequately.
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